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PREFACE. 


My  book  on  Testing  Materials  for  the  Constructor  is 
designed  to  be  a  counsellor  to  the  constructor  in  all  questions 
relating  to  the  properties  of  his  materials  of  construction. 
Therefore  the  book  is  divided  into  two  volumes,  each  inde- 
pendent and  complete  in  itself. 

This  first  volume  relates  to  the  general  properties  of  mate 
rials  of  construction,  and  especially  to  the  art  and  science  of 
testing  materials  as  applied  to  machinery  and  superstructure. 

To  the  description  of  the  customary  methods  of  testing  I 
have  added  a  presentation  and  discussion  of  the  most  important 
types  of  testing-machines  and  auxiliary  apparatus,  dwelling 
mainly  upon  the  underlying  principles  of  design,  sources  of 
errors,  and  on  their  calibration. 

.As  this  volume  contains  the  manifold  experiences  of  the 
laboratories  under  my  direction,  and  as  I  have  availed  myself 
of  the  liberal  arrangements  granted  by  the  publishers  to  fully 
illustrate,  by  figures  and  plates,  the  most  important  machines 
and  instruments  of  all  countries,  I  hope  to  produce  a  lasting 
benefit,  not  alone  to  my  students,  but  also  to  manufacturers  of 
apparatus,  by  my  frank  and  candid  criticism. 

I  do  not  wish  to  let  this  volume  go  forth  without  thanking 
those  who,  jointly  with  me  and  under  my  direction,  have 
helped  to  increase  our  stock  of  knowledge  to  the  best  of  their 
ability,  and  have  hence  directly  assisted  in  this  work. 

How  much  the  publishers  have  done  to  perfect  this  book, 
the  book  will  show  for  itself. 

A.  Martens. 

Berun,  April,  1898. 


TRANSLATOR'S  PREFACE. 


In  spite  of  the  existence  of  numerous  able  works  on  the 
same  subject  I  do  not  hesitate  to  come  before  English-speaking 
engineers  and  manufacturers  with  a  translation  of  Prof. 
Martens'  book,  because,  being  familiar  with  the  others,  I 
know  that  his  treats  the  subject  from  a  point  of  view  so  very 
different  that  to  most,  even  the  experts,  the  subject  will 
appear  like  a  new  one. 

Throughout  the  book,  the  author's  views  and  explanations 
will  be  given  with  the  utmost  faithfulness,  and  the  individual 
opinions  or  explanations  of  the  translator  will  be  clearly  sepa- 
rated from  the  text  of  the  original,  either  as  additional  para- 
graphs or  as  foot-notes. 

The  responsibility  for  criticisms,  all  of  which  are  invariably 
of  a  friendly  character,  will  thus  be  readily  placed. 

The  German  technical  language  is  so  wonderfully  flexible 
that  any  idea  or  action  can  be  readily  expressed  with  absolute 
accuracy  by  a  compound  word  which  will  be  readily  under- 
stood by  all  readers.  Many  of  these  words  cannot  be  rendered 
by  a  single  word  in  English.  For  instance,  there  is  no  English 
word  which  accurately  and  distinctively  expresses  a  pressure- 
test  of  a  long  piece  of  material.  The  German  calls  this  a 
"  Knickprobe,"  which  is  scientifically  accurate.  Because  there 
is  no  satisfactory  English  name,  I  shall  call  it  a  "thrust-test" 
in  order  to  distinguish  it  from  "  crushing  "-test.  The  term 
"compression-test"  is  correctly  applicable  only  to  a  test  in 
which  the  material  is  subjected  to  pressure  on  all  sides,  which 
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tends  to  "  compress "  it,  i.e.,  to  increase  its  density.  It  is 
positively  incorrect  when  applied  to  a  column  test,  in  which 
the  material  is  allowed  to  flow  and  bend  in  any  manner  pos- 
sible without  affecting  its  density.  Other  words,  such  as 
*•  rollability,"  **  foundability,"  etc.,  etc.,  are  used  because  they 
express  technical  properties  and  ideas  correctly,  which  other- 
wise would  require  a  complete  sentence  for  clear  definition. 
Moreover,  they  correspond  to  such  words  as  "  weldability,** 
*'  fusibility,'*  etc.,  etc.,  and  follow  well-established  principles  of 
etymology.  Throughout  the  work  Rankine's  definitions  of 
the  meaning  of  the  words  "  stress  "  and  "  strain  "  are  adhered 
to. 

The  translator  takes  no  credit  for  himself  except  as  to  the 
faithful  reproduction  of  the  thoughts,  suggestions,  and  criti- 
cisms of  the  greatest  authority  in  this  field,  and  hopes  that  the 
publication  of  this  work  will  help  to  introduce  greater  uniform- 
ity in  testing  and  more  accurate  knowledge  of  materials,  and 
may  become  a  valuable  guide  to  the  constructing  engineer. 

Gus.  C.  Henning. 

New  York,  August,  1899. 
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'h*  Mechanical  Loadin^^  Devices 375 

478.  Screw  and  Pinion,  Hand-  and  Power-driven. — 479. 
Friction-drives,  Mohr  &  Federhaff;  Goilner's 
Drive;  Chamond. — 480.  Advantages  of  Hydraulic  Over 
Mechanical  Drive  ;   Convenience,  Steadiness,  Freedom  from 
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Shock,  Long-continued  Loading. — 481.  The  Machines  should 
be  Arranged  to  be  Operated  entirely  by  One  Observer. 

e-  Frmme  of  Machine 377 

482.  Duty  of  the  Frame. — 483.  Self-contained  Design  of 
Emery-Sellers;  Deformations  of  the  Frame  Must  be 
Considered;  Examples,  Machines  of  Werder,  Hartig- 
R  e  u  s  c  h  and  G  o  1 1  n  e  r .  —  484.  Horizontal  and  Vertical 
Machines. — ^485.  Test-pieces  Should  be  Accessible,  Repairs  of 
Machines  Must  be  Readily  Made,  e.g.,  Glands  Must  be  Ex- 
changeable ;  Examples,  Werder,  Kellogg,  Hoppe, 
Sellers,  Buckton,  Wicksteed,  Pfaff,  Martens; 
External  Appearance. 


C.  Load-indicator 381 

486.  Introductory. 

a«  The  Steelyard.    Lever-scales 382 

1.  Leyers. 

487.  Lever-machine  with  Fixed  Lever-ratios,  Knife-edges 
Must  be  Secured  to  Levers,  Calibration  Must  be  Possible. — 

488.  Degree  of  Accuracy  ;  Absorption  of  Secondary  Stresses. 
These  to  be  Excluded  ;  Protection  of  Knife-edges. — 489. 
Rigidity  of  Levers. — 490.  Calibration  by  Standard  Bars. — 491. 
High  Ratio  in  One  Lever,  or  Many  Levers. — 492.  Various 
Lever  Systems. 

2.  Knife-edges 38s 

493.  Knife-edges  and  Bearings  ;  Working  Loads,  Examples. — 

494.  Securing  Knife-edges.— 495.  Werder. — 496.  Pfaff. 
497.  Angular  Motion  of  Large  Ratios,  Werder . — 498. 
Martens'  iio,ooo-lb.  (50,000-kg)  Machine. — 499. — M  a  r  - 
tens*  ii,ooo-lb.  (5,ooo-kg)  Machine. — 500.  Martens'  Tor- 
sion Machine.  , 

8.  Plate  Fulcra 3891 

501,502.  Emery  Plate-fulcra,  Designs. —503.  Plate-fulcra, 
Security  against  Lateral  Displacement. — 504.  Decision  about 
Plate-fulcrum  instead  of  Knife-edge. — 506.  Rounded  Knife- 
edge  ;  Degree  of  Accuracy  Required  1%. 

4«  Leyer-Scales  with  Loose  Weights 394 

507.  Loading  by  Hand,  Werder. — 508.  Depositing  Weights 
Mechanically  :  Emery,  Gollner,  Martens  . — 509.  Scale 
with  Running  Shot,  Michael  is  Cement-tester  ;  a.  Load- 
ing Automatically,  Description,  Distribution,  Improvement  ; 
Re  id  Hydraulic  Loading;  ^.  Investigation  of  Scale  at  Char- 
lottenburg  ;  Degrees  of  Accuracy,  Sensitiveness  ;  c.  Error 
through  Flow  of  Shot  ;  Speed,  Size,  and  Character  of  Shot; 
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d.  Teats  of  Discharge  ;  /.  After-flow  of  Shot  ;  /.  Gripping, 
Oblique  Gripping.— 510.  Hydrostatic  Balance,  Petit. 

5.  TraTelling-poige  Scale 399 

Trayelling -poise  and  Beale 

511.  Travelling-poise,  Weight-measures,  Total  or  Partial 
Loads  ;  Poises  of  Changeable  Weight ;  Several  Poises  of  Dif- 
ferent Weight. — 513.  Poise-weight»  Same  as  Change  of  Beam- 
.  scale  ;  Exaggerations,  Accuracy  of  \%  Sufficient. — 513.  Scale 
Should  Indicate  Stress  (Load  per  Unit  Section);  by  Change  of 
VTeight  of  Poise  or  by  Change  of  Beam-scale  ;  Change  of 
Length  in  %  of  /,  in  which  Case  Diagrams  would  be  Identical 
in  the  Same  Material. — 514.  Weighing-machine  with  Variable 
Scale,  Variable  Forms ;  Foreshortened  Scale,  Interchange- 
able or  on  a  Cylinder. 

I'raveree  of  Poise 403 

515.  Movement  by  Hand,  String,  or  Screw  ;  Driving  Mech- 
anism Must  not  Produce  a  Moment. — 516.  Delator's  String 
Drive.— 517.  Screw  Drive  by  Mohr  &  Federhaff. — 518. 
G  r  a  f  e  n  s  t  ad  e  n  .  —  519.  Wick  steed.  —  520.  Mar- 
tens . — 521.  Speed-regulation,  by  Hand,  automatically. — 522. 
Actuating  Poise  by  Beam  Motion. — 523.  Martens,  Electric 
Controller.  —  524^  Martens,  Hydraulic  Controller.  —  525. 
Olsen.  Screw,  with  Friction  disk  electrically  Controlled. 
— 527.  Running  Poise  with  Divided  Disk. — 528.  Riehl6, 
Screw  as  Lever. — 529.  Fairbanks,  Running  Poise  with 
Electromagnetic  Drive;  a.  Electric  and  Electromagnetic  Con- 
trollers and  Their  Value  ;  b.  Results  of  Tests  of  Such  Devices  ; 
c.  Effect  of  Speed  ;  Necessity  of  Exact  Calibration. — 530. 
Operation  with  Intermittent  Equidirectional  Motion  and  with 
Reversal  of  Motion,  Martens. 

1>«  Pendnlnm-Bcale 412 

531.  Variations  of  Pendulum-  and  Lever-scales. — 532.  Pohl- 
m  e  y  e  r.  Pendulum-scale  with  Load-indicator  by  Martens; 
Indication  of  Stress,  5. — 533.  Record  of  Change  of  Shape  Pro- 
portional to  i!%, — 534.  Recorder  of  Martens;  a.  Calibration 
of  the  Two  Pohlmeyer  Machines  at  Charlottenburg; 
h.  Alterations  of  the  Machines  ;  c.  Elimination  of  Lateral 
Forces  ;  d.  Results  of  Tests,  Sensitiveness  ;  e.  Influence  of 
Construction  of  Load-indicator  ;  Operation  of  the  Machine- 
controller  at  Charlottenburg;,^.  Results  of  Tests  ;  i. 
Influence  of  Change  of  Length  of  Levers  in  a  Mechanism  ;  u 
Effect  of  Change  of  Shape  of  Levers  ;  k.  Errors  of  String 
Transmission  ;  /.  Errors  Partially  Compensated  ;  Necessity  of 
Careful  Calibration. — 535.  M  i  c  h  e  I  e . — 536.  Schopper  .— 
537.  V.  Tarnogroki,  Carrington. 
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e.  The  Sprinn^baljiiiee 439 

538.  Springs  very  Serviceable  as  Load-indicators. — 539.  Spring 
must  be  Attached  Loosely  and  without  Resistance  ;  Propor- 
tionality.—540.  Spring  Attachment  Hartig-Reusch;  Ad- 
justability.—541.  Crosby  Spring  ;  Other  Forms. — 542.  Har- 
tig-Reusch Apparatus  ;  Calibration  and  Usefulness. — 543. 
W  e  n  d  1  e  r '  s  Apparatus  ;  Martens'  Principles  for  Paper- 
testers;  Water-motor,  Moeller  &  Blum;  Testing-spring  of 
the  a,  Hartig-Reusch;  ^.  Wendler's  Apparatus. — 544, 
545.  Leuner's  Apparatus. — 546.  2200  lbs.  (1,000  kg)  Ma- 
chine of  Martens,  Zinc  Tests,  Microscopical  Diagrams,  De- 
gree of  Accuracy. — 547.  Kennedy-Ashcroft  Apparatus. 
— 548.  549.  Leuner's  Apparatus. 

4L  Hydraulic  Indication  of  Loads 447 

1.  Manometer. 

550.  Measuring  Liquid-pressure  in  Cylinder. — 551.  Bour- 
don's Gauge,  Double  Gauge,  Transposability  of  Graduated 
Circle,   Registering-gauges. — 552.  Whitworth  Machine. — 

553.  Mercurial  Gauge. 

2.  Hydraulio  Sapports  and  Redacing-chambers 451 

554.  Introductory.— 555.  Thomasset  Machine,  Reliability 
of  Chambers. — 556.  Hydraulic  Dynamoqaeters  for  Calibration; 
Rubber  Disks  and  Reducing-chambers  ;  Calibration  of  N  a  - 
poll's  Reducing-chamber  at  Martens'  Oil-tester. — 557. 
M  a  i  1 1  a  r  d  Machine. — 558.  Machine  of  C  h  a  u  v  i  n  and  Ma- 
rin Darbel. — Reducing-chambers  of  Emery  and  Sel- 
lers; Construction  of  Same;  a.  Advantages  in  Connection 
with  Spring-gauges ;  d.  Martens,  Strength  of  Diaphragms 
for  Same. — 560.  Amagat's  Reducing-chamber. — 561,  561a. 
Amsler's  Reducing-chambers.  —  562.  Un  win's  Ma- 
chines.— 563.  Different  Constructions  by  Martens;  a,  Re- 
ducing-chamber of  the  iio,ooo-lb(5o.ooo-kg)  Machine,  Recorder, 
Arrangement  and  Filling  the  Chamber  ;  ^.  Contact  Appara- 
tus and  Driving-mechanism  for  the  Mercury-gauge  ;  c.  Re- 
ducing-chamber of  the  220o-lb  (icoo-kg)  Machine  ;  </.  Ar- 
rangement for  Recording  Position  of  Mercury  ;  e.  Hydraulic 
Device  for  Moving  the  Mercury  Vessel  ;  /.  Sources  of  Error  ; 
^.  Motion  of  Liquid  must  be  Small  ;  A,  Influence  of  Design  on 
the  Utility  of  the  Reducing-chamber  ;  <*.  Chambers  with  very 
Large  Reduction,  Mercury-seal ;  Jd,  Calibration  of  the  Reduc- 
ing-chamber ;  /.  Speed-regulator  for  the  Machine. 
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!>•  Arrangements  of  Mftchines  for  Various  Kinds  of 

Tests 481 

1.  Machine  Works  Go.»  Nnrembarg  (formerlj  Klett  &  Ca.  in 

Nnrembnrg.)  .  (Plates  3-5 j 481 

564.  Werder  and  Martens'  Machines.  .General. — 565. 
Large  and  Small  Werder  Machines;  Design;  Ba.u  sc  fa- 
in ger's  Share  in  its  General  Introduction. — 566.  iiOpOoo- 
Ib.  (50,000-kg)  Martens'  Machine. — 567.  Tension*test  : 
Martens,  Werder,  Bauschinger,  v.  Tetmajer. 
— 568.  Crushing-test,  Bauschinger;  Reversal  of  Stress  in 
Machine  Under  Tension- and  Compression-test ;  Thrust-test. — 
569.  Bending-test  ;  Bau^chinger'  s  Measuring-apparatus  ; 
Arrangement  of  the  Martens  Machine. — 570.  Torsion- 
tests  ;  Measuring  Instruments,  Bauschinger,  Martens. 
— 571.  Second  Construction  for  Torsion-test. — 572.  Shearing- 
and  Punching-tests. —  573.  Calibration  of  Machine  Details  ; 
Advantages  of  Werder  Machine. 

2.  Mannheim  Machine  WorlLS»  Mohr  &  FederhalTy  Mannheim. 

(Plate  6  and  7.) 485 

574.  In  General. — 575.  Arrangement. — 576.  Tension-test,  Grip- 
ping, B  a  u  m  a  n  n  Rope-grips  ;  Alloys  for  Packing  Rope- 
sockets  as  used  by  Bauschinger,  Kirsch,  v.  Tetmajer, 
Charlottenburg  Laboratory. — 577.  Crushing-test. — 
578.  Bending-machines  :  a.  For  Cast  Iron  ;  b.  For  Springs  ; 
c.  For  Rails. — 579.  Shearing-test. — 580.  Machine  for  Doubling- 
or  Folding-test. — 581.  Torsion-test,  Winding-test  of  Wire. — 

582.  Special  Arrangements. 

8.  Alsatian  Machine  Worl^g  Go.»  Grafenstaden.    (Plate  8.) 488 

583.  In  General,  220,000-lb.  (100,000  kg.)  Machine. — 584. 
Bendlng-machine.— 585.  Holders  for  Tension-  and  Crushing- 
tests. — 586.  Transverse-test. 

4.  Machine  Works  of  Henry  Ehrhardt,  in  Zella,  St.  Blasii,  Thn- 

ringia.    (Plate  9.) 489 

587.  In  General ;  P  o  h  1  m  e  y  e  r. — 588.  Tension-  and  Crushing- 
tests. —  589.  Transverse  Test. — 590.  Shearing- and  Punching- 
test. 

6*  Machine  Works  of  C.  Hoppe*  Berlin.    (Plate  10.) 490 

591.  1,101,300-lb.  (500,000-kg)  Machine  of  the  Charlottenburg 
Laboratory;  in  General. — 592.  Driving-mechanism  :  a,  for 
Tension-test;  b,  for  Crushing-test;  c.  for  Short  Test-pieces. — 
593.  Support  of  Main  Columns. — 594.  .Frame  of  Machine. — 
595.  Load-indicating  Device:  a.  for  the  Tension- test;  b.  for 
Crushing-test;  c.  Vertical  Support  of  the  Load-indicator;  d. 
Support  of  the  Machine;  e.  Distribution  of  Loads  in  the  Scale; 
y.  Support  of  the   Lower  Levers;  g.   Support  of  the  Upper 
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Levers;  h.  Impact  Blocks;  t.  Testing  and  Calibrating  the  Ma- 
chine;  Calibrating-rod.  —  596.    Pressure-pipes  and   Valves. — 

597.  Holders. 

6.  Machine  of  H.  GoUner.    (Plate  13.) 496 

598.  In  General. — 599.  Driving-mechanism. — 600.  Load-indi- 
cator.— 601.  Devices  for  Torsion-  and  Transverse-tests. 

7.  Machines  of  J.  Amsler-Laffon  A  Son,  Schaffhanseu,  Switzer- 

land.    (Plate  14.) 498 

602.  In  General. — 603.  Machines  for  Crushing-test:  a.  Advan- 
tages of  their  Construction,  Separation  of  their  Reducer;  b. 
Testing  an  Am  sic  r  Machine  at  Charlottenburg;  c, 
Bending-device. — 604.  Machines  for  Tension-test;  Transverse 
and  Crushing-tests.— 605.  Machine  for  Simultaneous  Tension 
and  Torsion  Loading  according  to  Prof.  C.  von  Bach. — 
606.  Machine  for  Wire-torsion  Tests;  Machine  for  Wire-twisting 
Tests. ^607.  Bending  (Folding)  Machine. — 608.  Machine  for 
Bending  Unrestrained,  without  Stud. — 609.  Holders. 
S.  French  Machines*    (Plate  15.) 506 

610.  In  General.    Source  of  Information. 

9.  English  Machines.    (Plates  16  and  17.) 507 

a.  J.  Bnokton  h  Co.  Limited,  Leeds 507 

611.  In  General.  Vertical  Wicksteed  Machine. — 612-616. 
Brad  ford  College  Machine,  Design,  Tension-test,  Crush- 
ing- and  Compression,  Transverse-  and  Torsion-tests. — 617. 
Horizontal  Machines  of  Wicksteed. — 618.  Small  Wick- 
steed  Machines. 

b.  Greenwood  h  Batley,  Limited,  Leeds 509 

619.  In  General.  Kirkaldy  Machine. — 620.  Horizontal 
Machine.  — 621.    Tension-,  Transverse-,  and  Torsion-tests. — 

622.  Machines  for  Testing  Wire,  Textile  Fabrics  and  Leather, 
Portable  Machines. 

10.  American  Machines.    (Plates  18  and  ao.) 510 

a.  Wm.  Sellers  ft  Co.  Limited.  Philadelphia,  Pa 510 

623.  In  General.  Emery  Machines. — 624.  Load-indicators, 
Sellers  Design.— 625.  300,000  lb.-(i35,ooo-kg)  Machine  of 
Mass.  Inst.  Tech. — 626.  Loading-mechanism.  —  627.  Load- 
transmission  to  Weighing-machine.  —  628.  Independence  of 
Weighing-machine  of  the  Frame  of  the  Machine. — 629.  Hy- 
draulic Press. — 630.  Power-pump  — 631.  Tension-holders. — 
632,  633.  Holders  for  Crushing.— 634.  New  Design  for  the 
Weighing-machine. — 635.  Conclusion. 

b.  Siehle  Bros.  Testing  Maohine  Co.,  Philadelphia,  Pa.     (Plate  19.).  520 
636.  In   General. — 637.    Design,  Attempt  at   Simplification. — 
638.  Large  Machines. — 639.  Calibration  of  a  Riehl6  Machine. 

0.  Tinins  Olsen  ft  Co. ,  Philadelphia.  Pa.     (Plate  20.) 521 

640.  In  General.   Distribution   of   Rich  16  and  Olsen  Ma- 
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chines. — 641.  Keep  Heisler's  Impact-machine. — 642.  Cali- 
bration of  an  Olsen  Machine.— 643.  Degree  of  Accuracy  of  ijl» 
Obtainable. 

V.  Measuring-instruments 524 

INTRODUCTION 524 

644.  Instruments  for  Determining  Original  Shape  and  of 
Deformations. 

A.  Measuring^  and  Measuring-instruments 524 


645.  Direct  and  Indirect  Measuring. — 646.  Accuracy  of  Meas- 
urement, Sources  of  Error:  a.  Personal  Equation;  b.  Instru- 
mental Error  ;  c.  Methodic  Error ;  d.  Errors  of  External 
Origin. — 647.  Methodic  and  Accidental  Errors;  Methodic 
Errors  to  be  Avoided  or  to  be  Allowed  for.— 648.  Accidental 
Errors,  the  Mean  as  most  Probable  Value,  Frequency  of 
Errors;  the  Probable  Error  ±  r  as  Scale  of  Value  of  Accuracy 
of  Observation. — 649.  Probable  Error  of  One  Observation,  and 
Probable  Error  of  a  Mean  Value. 

b.  Scales 529 

650.  Ruled  Scales  and  End  Gauges,  Scales. — 651.  Reliabil- 
ity of  Measurements  by  Scales,  Sources  of  Error,  Results 
of  Tests.  —  652.  Measuring-instruments,  Calipers,  Sliding 
Gauges,  Screw-gauges. 

e«  Micrometer-screws 533 

653.  Introductory. — 654.  Errors  of  Micrometer,  Errors  of  Screw, 
Errors  of  Application;  Deviation  from  Cylinder,  Progressive, 
and  Periodic  Errors. — 655.  Screws  with  Progressive  Errors 
Useless. — 656.  Periodic  Errors  to  be  Determined. — 657.  Causes 
of  Errors. — 658;  Backlash  (Play). — 659.  Conclusion. 

d.  Microscope  and  Telescope  Micrometers 537 

660.  Reading  Telescopes,  Microscope,  Crosshairs. — 661.  Ar- 
rangement of  Micrometers,  Method  of  Reading. — 662.  Figured 
Glass  Scales. — 663.  Loose  Tube. — 664.  Adjustment  of  Cross- 
hairs.— 665    Abbe's  Comparator  by  Zeiss,  Jena. 

e.  Micrometer  for  End  Measurements  "with  Contract  Devices.  540 

666.  Screw-micrometer  with  Friction-ring.— 667.  Surface- 
gauge  (Spherometer)  with  Electric  Contact ;  Martens' 
Micrometer. — 668.  Micrometer  with  Contact-finger  by 
Bauschinger;  Extensometer  for  Cement  Bodies  by 
Martens . — 669.  Sensitive  Micrometer  of  Klebe-Bausch> 
i  n  g  e  r  . 
B.  Measurement  of  Deformatioiis  during  Tests —  545 

670    Preliminary. 
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a.  Readiiifp-flcaleflt  Lever-indicators,  Gkiided    aiMl  Friction 
Boilers ^ 54$ 

671.  Sliding-scales,  Divided  according  10/^  =  0.5654//'. — 672. 
Indications  Slightly  Magnified. — 673.  Pa  i  n  e '  s  Extensometer. 
674.  Kenned  y. — 675.  Kennedy-Martens  . — 676. 
Debray,  Klebe,  Bach,  Fuess  Multiplying  Lever 
j^jfjftn/m. — 677.  Nee  1 -CI  ermon  t ,  Criticism  of  the  Appara- 
tus.— 678.  Enumeration  of  Devices  previously  Described. — 
678a.  Henning  Extensometer. — 679.  Bel  ey -Bach. — 680. 
Bauschinger,  Roller  Apparatus;  Martens. — 681. 
Stromeyer . — ^82.  Martens,  Freely  Suspended  in 
Threads. — 683.  B  u  z  b  y  -  Ri  e  h  1  6  . — 684.  Modified  Buzby 
Apparatus. 

b.  Blierometer  Eztensometers 

685.  Preliminary. — 686.  R  i  e  h  1 6  Extensometer. — 687.  Hen- 
ning, Marshall,  Yale — 688.  Martens. — 689.  U  n - 
win. 
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690.  Ba  usching  er  as  Originator. — 691.  Bauschinger's 
Apparatus  :  a.  Attachment  ;  Spindle-bearings  ;  d.  Hard- 
rubber  or  Steel  Rollers,  Must  be  Cylindrical  and  Concentric  ; 
c.  Certainty  of  Motion  by  Friction  ;  ^.  Oblique  Mirror-spin- 
dles; ^.  Clamp-springs  too  much  Bent  ;  /.  Action  between 
Roller  and  Spring,  Results  of  Tests  ;  Measuring-apparatus 
must  be  Subject  to  Constant  Supervision  the  same  as  Test- 
ing-machines; ^.  Mirror-frame;  A,  Short  Gauge-lengths;  Safe 
Attachment  of  Roller,  Effect  of  Clamping-stirrups,  Bearing  of 
Clamp-springs  on  the  Test-piece,  Principles  therefor. — 692. 
Martens*  Mirror  Apparatus. — 693.  Oldest  Type. — 694. 
Newest  Type  ;  a.  Knife-edges,  Mirror's-support,  Indicator  for 
Initial  Position  ;  3.  Support  of  Parts  on  the  Test-piece,  Ver- 
tical Position  of  Spindles,  Construction  of  Clamp-spring, 
Bearing  on  Flat  Bar;  c.  Attaching  the  Apparatus,'Warming  the 
Springs,  Gauge-marks  Omitted  ;  </.  Adjusting  the  Apparatus, 
Measuring-bars,  Scale-mount  Telescope  Adjustment. — 695. 
Capabilities. — 696.  Martens'  Mirror  Apparatus  with  Re- 
adjustment ;  Construction  and  Application. — 697.  M  ar  t  e  n  s ' 
Mirror  Apparatus  for  Short 'Gauge-lengths  ;  Capabilities  of 
Mirror  Apparatus. — 698.  Martens'  Mirror  Apparatus  for 
Length  /*  =  o. — 699.  Use  of  Martens'  Apparatus  on  very 
Large  Bodies;  Apparatus  for  Measuring  Interior  Deformation 
of  Bodies  and  for  Temperature  Changes. — 700.  Modification  of 
Martens'  Design  by  Other  Constructors,  Reading  Two 
Scales  by  One  Telescope, — 701..  K  i  r  s  c  h  . — 702.  Henning. 
— 703.  H  a  r  t  i  g  . — 704.  U  n  w  i  n  . — 705.  Martens'  Appa- 
ratus with  One  Mirror. 
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706.  Cathetometer  ;  Bauschinge  r. — 707.  U  n  w  i  n  '  s 
Apparatus  for  Crushing-tests;  Ol  sen's  **  Compression 
Micrometer." 

C«    Apparatus   for  Automatic  Records  of  Stress-strain 

Diagrams  Actuated  by  Machine 

709.  Introductory. — 710.  Practical  Grouping  of  Recorders  ; 
Picture  as  Record,  Demands  Faultless  Instruments. — 711. 
Martens'  Trial  on  the  Werder  Machine. — 712.  Martens' 
Recorder  for  the  iio.oco-  and  ii,ooo-lb.  Machines. — 713. 
Fairbanks'  Recorder. — 714.  Moh  &  Federhaff. — 
715.  G  r  a  f  e  n  8  t  a  d  e  n  . — 716.  Martens'  for  Pohl- 
meyer  Machines;  Proposition  for  Recording  according  to 
S  and  ^  ;  Proposition  for  Photographically  Recording  the 
Mirror  Motion  ;  Proposition  for  Simultaneously  Recording 
S  and  t%  in  One  Direction  and  S  and  /  in  the  Other  — 717. 
Martens'  Differential  Recorder  for  Oil-testers. — 718. 
Hartig-Reusch,  Kennedy,  Martens  . — 719. 
Amsler-Laffon,  Autographic  Micrometer  Apparatus. — 
720.  O  1  s  e  n  . — 721.  O  1  s  e  n  Autographic  Micrometer  Appa- 
ratus.— 722.  Martens'  Propositions  for  Modification  of 
this  Idea. — 723.  Gray  Autographic  Multiplying-lever  Re- 
corder.— 724.  Objections  to  Large  Mechanical  Multiplication 
Utility  and  Requirements;  Simplest  Means  are  the  Best.— 
725.  Henning. — 726.  Unwin,  Kennedy. — 727.  Wick- 
steed  . — 728.  U  n  w  i  n . 


•t  ii 


NOTATION. 

SYMBOLS  REGULARLY  EMPLOYED  THROUGHOUT  THE  WORK. 


Numbers  within  parentheses  in  the  text  refer  to  paragraphs:  those 
preceded  by  the  letter  L  refer  to  the  bibliographical  index. 

Sp.  Gr. . .  .X  specifisches  Gewicht       =  specific  gravity. 

Wf . .  .r  Raumgewicht  =  volumetric  weight. 

JV...,/^         Litergewicht  =  standard  weight 

(Liter  weight). 
lVsh"'»^r  *'  I  eingerUttelt=  stand,  wt.  shaken  down. 

fFf....jRf  *'  .  eingefUllt     =      "        "   filled  in. 

JV, ^,  "  .  eingesiebi     =      **        **   sifted  in. 

W^. . .  .^*  **  ,  eingelaufen=      *'        "    poured  in. 

tf,  y,.,.i,/     Rauminhalt  =  volume. 

</. . .  .b  Dichtigkeitsgrad  =  density. 

</_^. . .  .It  Undichtigkeitsgrad        =  porosity. 

L»*-»P        angreifende  Kraft  =  acting     force,     load    ap- 

plied. 
a,.../         Querschnittsfiache  des  =  cross-sectional    area     of 
ProbekOrpers  test-piece. 

p  Beanspruchung  =  load  transmitted. 

5.  •••(T         Spannung  =  stress. 

/«. . . ./«  Messlilnge  fttr  die  Fein-=  gauge  -  length  for  meas« 

messung  urements  of  precision. 

^. . .  .A  VerlUngerung  =  extension. 

^i....e  Dehnung  der  L&ngen- =  strain;    unit    of    elonga- 

einheit  tion. 

e%. .  m.8  Dehnung  in  Procenten  =  elongation  %. 

g^..,,a  Dehnungszahl  =  factor  of  elongation. 


£. 


f  [.,,.£         Elasticitatsmodul  =  \  °"°of  "     I  J*^"*i*?"- 
M  (  elasticity  f^^"»^^"«- 

Ci..*.0         Quer8chnittsverminder-=  reduction  of  unit  area. 

ung  der  Flflcheneinheit 
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Symbols  Regularly  Used  in  the  Text. 


Ci 


Sp,  ip, , 

.  'CTp^ept 

etc. 

u.s.w. 

yt   ^  v»  • 

••^5'^5» 

etc. 

u.s.w. 

^Ar  ^M' 

. .  'Cg.egt 

etc. 

u.s.w. 

5^,  e^, . 

, . .  0*^,^2 » 

etc. 

u.s.w. 

^Bi*  ^sr 

•  •  •  ^E»  ^S* 

etc. 

U.s.w. 

/.. 

..e' 

C. 

..€q 

Cf. . 

.  .(Lq 

m 

Af. 


lg»  •  .  •» 


Eg*  . 


n 


M 


I 

i: 


I. 

8/1. 

^PYM 

or 

'PYM 

or 
'PYM 
^  P.Y,M 

or 

^  P.Y.M 


..0 

..(5//  ' 

^PSB 

od. 

^PSB 

Epsb 
od. 

Ipsb 

^P*S'B' 

od. 

^P'S*B' 


Querschnittsverminder-=  %  of  reduction. 

ung  in  Procenten 
Proportionalit&tsgrenze=  proportional   limit » 

oder  P-Grenzc  or  P-limit. 

Streckgrenze,  Fliess-     =  yield  -  point,    flow- 

grenze  oder  S-Grenze         limit  or  Y-limit. 
Bruchgrenze,     HOchst-  =  maximum    load  te- 

spannung  od.  B-Grenze     nacity,  M-limit. 
Zerreissgrenze,  Zer*       =  load     at      rupture, 

reissspannung  oder  ultimate      stress, 

Z-Grenze  or  F-limit. 

Elasticitatsgrenze  oder  =  elastic      limit,      or 

E-Grenze  E-limit. 

Dehnungsrest;     blei-     =  permanent      set; 

bende  Dehnung  ultimate  extension. 

Querzusammenziehung=  contraction. 
Zusammenziehungszahl— factor  of  contraction 
Yi  bis  Xi  Material-         =  constant. 

konstante 
Form&nderungsarbeit     =  resiliency,     inch- 

kgcm  lbs. 

specifische    Form&nde-  =  specific    resiliency, 

kgcm  factor    of    resili- 

:m  ency. 

kgcm 


rungsarbeit 


oder 


gr 


Messlange,Probeniange=  gauge-length,    test 


ProbenhOhe 
GebrauchslHnge 
Theilung 
VOlligkeitsgrad 

LftngenverhSlltniss 


length  or  height. 
=  finished  length. 
=  divisions  of  length. 
=  equality  ratio. 

=  length  ratio. 


\ 


Dehnung  filr  /  =  «V7^  =  elong.  of  /r=  n^a. 
Moment  der  Musseren     =  moment  of  external 
Kr&fte  in  cmkg  forces  in  inch-lbs. 

KrUmmungshalbmesser=  radius  of  curvature. 
Tr^gheitsmoment 
Biegungspfeil 

Zugbeanspruchung 
ermittelt  aus  Zug-  oder 
Oruckvcrsuchen 


=  moment  of  inertia. 
=  ratio  of  deflection. 

=  Tension-stress 

determined  from  ten* 
sion-tesiB. 


Druckbeanspruchung    =  Crushing-stress 
ermittelt  aus  ZufT- Oder  determined        from 

Druckversuchen  crushiDg-tests. 


\ 


Zugbeanspruchung 
abgeleitet  aus  dem 
Bicf^eversuch 


=  Tension-Stress 

determined 
transverse  trst. 


from 


Symbols  Regularly  Used  in  the  Text. 
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i: 
I 


or 

S.P*S*B* 

od. 

lpf5*B' 

\  Druckbeanspruchung 
C     abfrcleiiet  aus  dem 
r     Biegeversuch 

=  Crushing- stress 

determined          from 
transvene  test. 

etc. 

<J,  od.  €, 
u.  a.  w. 

)  wenndieseGrtfssensich  _  Relating  to  traos- 
>-     auf  denBiegeversuch          verse  test. 
)      beziehen 

St  •  • 

.  .r 

Scbubspannung 

=  torsional  stress. 

Si^»  .  . 

•r 

Schiebung 

=  distortion. 

o/^> . . 

./5^ 

Schubzahl 

=  factor  of  tortion. 

Ss-  •  • 

.r, 

Scheerspannung 

=  shearing-stress. 

Ssj^,  etc. . . 

.rif'.  U.8.W. 

Scheerfestigkeit 

=          "       strength. 

OA«  •  •  ■ 

•r„ 

Lochspannung 

=  punching-stress. 

P^*  etc . . 

.  -r^",  u.s.w. 

Lochfestigkeit 

=  punching-strength 

to  and  W, . . 

.  .g  und  G 

Gewicht  gr;  kg 

=  lbs. 

^••• 

•g 

981 

=  32.2. 

>i.., 

.  .^  und  H 

Fallhohe  cm;  m 

=  drop  in  ft. 

• 

t. . . 

.a 

specifische  Schlagarbeit=  specific  work  of 

impact. 

^r .  •  • 

.<> 

Httrtegrad 

=  hard*,  ess. 

^if  •  • 

.<>r 

Ritzh&rte 

=  scoring-hardness. 

Jm*  •  • 

.3. 

Z&higkeitsgrad 

=  toughness. 

/-... 

..» 

Bildsamkeit 

=  plasticity. 

B/.. 

..»s 

BiegegrGsse 

=  bending-factor. 

JDa-  • 

.  .ti/ 

Biegewinkel 

=  angle  of  curvature. 

/•/... 

..«3 

Ausbreitung 

=  spreading. 

5/r... 

,  .©tr. 

Streckung 

=  stretching. 

£xp% « ■ 

.Cfi 

Erweiterung 

=  expanding. 

Ir»" 

>  .9c 

ReisslSnge 

=  rupture-length. 

SB 

WOhlers  Werthziffer 

=  Wehler's      quality- 
factor. 

X 

Tetmajers  Werthziffer 

=  Tetmajer's  quality- 
factor. 

BIBLIOGRAPHICAL  INDEX. 


Bibliographical  refereocet  in  the  text  are  placed  in  parenthesis,  as  follows:  iLj^  1896,  toI. 
7i  P*  430*  The  number  following  the  letter  L  refers  to  the  bibliographical  index;  followed 
bj  the  year,  volume,  and  page  of  reference. 

Under  A  will  be  found  the  reporu  of  goTcmmental  testing  laboratories  regularly  pub- 
lished in  German,  and  the  German,  French,  Bnglish,  and  American  technical  papers  most 
generally  read,  and  their  abbreviated  titles  as  used  in  the  boolc.  Under  B,  beginning  with  100, 
are  given  the  principal  worln  of  reference  which  are  mentioned  in  the  work. 

A  more  complete  bibliography  has  been  omitted  because  the  French  official  **  Commission 
dea  m^thodes  d'essai  des  mat^riauz  de  construction  ^*  has  been  directed  to  prepare  such  a  one 
as  undertaken  by  R.  Cordier,  and  to  publish  it.  The  **  Repertorium  der  technischen  Zeit- 
■chriften  **  publishes  annually  all  references  to  papers  appearing  in  technical  journals. 


A.  Journals  and  Abbreviations. 
a)  Reports  of  Testing  Laboratories* 


1.  Mitthlg.  Berlin. 
S.  Mitthlg.  MUnchen. 


8.  Mitthlg   Zttrich. 


4.  Mitthlg.  Wien. 


5.  Baumkd. 

6.  Bayr.  Ind.  Gew.-Bl. 

7.  Bg.  hm.  Ztg. 

8.  Centr.  Bauv. 
8.  Giving. 

10.  D.  Bauz. 

11.  Dingl.  J. 
18.  Glas.  An. 


Mittheilungen   aus  den   kgl.  technischen  Ver- 

suchsanstalten;  Berlin. 
Mittheilungen  des  mechanisch-techn.  Laborato- 

riums  der  kgl.  techn.  Hochschule;  MUnchen. 
Mittheilungen    der   Anstalt    zur   Prtlfung   von 

Baumaterialien   am  eidgen.   Polytechnikum ; 

Zurich. 
Mittheilungen   des    k.    k.    technologischen   Ge- 

werbemuseums;  Wien. 

b)  Jonrnals,  German. 

Baumaterialienkunde,      Internationale      Rund- 
schau. 
Bayerisches  Industrie-  und  Gewerbeblatt. 
Berg-  und  hiittenmilnnische  Zeitung. 
Centralblatt  der  Bauverwaltung. 
Civilingenieur. 
Deutsche  Bauzeitung. 
Dinglers  polytechnisches  Journal. 
Glasers  Annalen  fUr  Gewerbe-  und  Bauwesen. 
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Bibliographical  Index. 


18.  Mitthlg.  Dampfk. 

14.  Org.  F. 
16.  Pogg.  Ann. 

16.  Rig    Ind.  Ztg. 

17.  Schw.  Bauz. 

18.  Stahl. 

19.  Tech.  Bl. 
90.  Thonind. 

21.  Verb.  Gew. 

22.  Woch.  Ing. 
28.  Woch.  0«st. 
24.  Z.  Arch. 

26.  Z.  Bauw. 

26.  Z.  Berg.  Htttt. 

27.  Z.  d.  Ing. 

28.  Z.  K^lte  Ind. 

29.  Z.  Oest. 


Mittheilungen  aus  der  Praxis  des  Dampfkessel- 

und  Dampfmaschinen-Betriebes. 
Organ  fUrdie  Fortscbritte  des  Eisenbahnwesens. 
Poggendorffs  Annalen  der  Physik  and  Cbemie. 
Rigaische  Industrie-Zeitung. 
Scbweizeriscbe  Bauzeitung. 
Stabl  und  Eisen. 
Techniscbe  Blatter. 
Tbonindustrie-Zeitung. 
Verhandlungen   des  Vereins   zur   Bef6rderung 

des  Gewerbfieisses. 
Wochenscbrift    des    Vereins    deutscher    Inge- 

nieure. 
Wochenscbrift  des  Osterreicbischen  Ingenieur- 

und  Arcbitekten-Vereins. 
Zeitscbrift    des    Architekten-    und    Ingenieur- 

Vereins  zu  Hannover. 
Zeitscbrift  fUr  Bauwesen. 
Zeitscbrift   fUr    Berg-,    Htltten-    und    Salinen- 

wesen. 
Zeitscbrift  des  Vereins  deutscher  Ingenieure. 
Zeitscbrift  fttr  die  gesammte  Kalte-Industrie. 
Zeitscbrift  des  Osterreicbischen    Ingenieur-  u. 

Arcbitekten-Vereins. 


80.  An.  Belg. 

81.  An.  Ind. 

82.  An.  M. 
88.  An.  P.  C. 
84.  G6n.  Civ. 
86.  I.  Civ. 

86.  Ind.  Min. 

87.  R.  Chf. 

88.  R.  Ind. 

89.  R.  M.  Met. 

40.  Soc.  Enc. 

41.  Soc.  Mulh. 


e)  Joarnalg»  French  and  Belgian. 

Annales  des  Traveaux  publics  de  Belgique. 

Annales  Industrielles. 

Annales  des  Mines. 

Annales  des  Ponts  et  Cbauss6es. 

G6nie.  Civil. 

Comptes  rendus  de  la   Soci6t6  des   Ing^nieurs 

civils. 
Bulletin  de  la  Soci6t6  de  Tlndustrie  minerale. 
Revue  g6n6rale  des  Chemins  de  fer. 
Revue  industrielle. 
Revue  universelle  des  Mines   et  de   la   M6tal<- 

lurgie. 
Bulletin  de  la  Soci6t6  d*encouragement. 
Bulletin  de  la  Soci6t6  industrielle  de  Mulbouse. 


42.  Am.  Eng. 
48.  Am.  Jour. 


d)  Journals^  EngllBh  and  American. 

Transactions  of  the  American  Society  of  Civil 

Engineers. 
American  Journal  of  Science  and  Arts. 


Referencss. 
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44.  Am.  Mec. 

45.  Am.  Min. 

46.  Civ.  Eng. 

47.  Eng. 

48.  Engng. 

49.  Eng.  Min. 
60.  Eng.  News. 
■51.  Fr.  Inst. 

52.  Iron. 

53.  Iron  A. 

54.  Ir.  and  St. 

55.  Proc.  Mech.  Eng. 


56.  Z.  f.  Instrkd. 


Transactions  of  American  Society  of  Mechanical 
Engineers. 

Transactions  of  the  American  Institute  of  Min- 
ing Engineers. 

Proceedings  of  the  Institution  of  Civil  En- 
gineers of  London. 

The  Engineer. 

Engineering. 

Engineering  and  Mining  Journal. 

Engineering  News. 

Journal  of  the  Franklin  Institute. 

Iron. 

The  Iron  age. 

Journal  of  the  Iron  and  Steel  Institute. 

Proceedings  of  the  Institution  of  Mechanical 
Engineers  (London). 

e)  Additional. 

Zeitschrift  fUr  Instrumentenkunde. 


B.  Refereuces* 

Left-hand  numbers  are  the  reference  numbers  in  text;  right-hand  are  paragraph  numbers. 


100.  Fr.  Kick:  Das  Gesetz  der  proportionalen  Wider- 

st&nde.     1885.  Leipzig,  Arthur  Felix. 

101.  J.   Barb  a:    Resistance   des   roat6riaux.     Mem. 

Soc.  Ing.  Civ.  1880.  S.  682. 

102.  Commission  des  m^thodes  d'essai  des  mat6- 

riaux   de   construction.     Official    Report,   Vol. 
I-IV,  —  1894,  etc.     Paris,  Rothschild. 

108.  J.  Violle  :  Lehrbuch  der  Physik,  deutsche  Aus- 
gabe,  1892.  —  Berlin,  Julius  Springer. 

104.  F.   Kohlrausch:    Leitfaden   der   praktischen 

Physik.     5.  Aufl.   1884    u.   1897  (?).  —  Leipzig. 
B.  G.  Teubner. 

105.  Consid^re-Hauff:     Die    Anwendung    von 

Eisen  und  Stahl  bei  Konstruktionen.     1888.  — 
Wien,  Carl  Ceroids  Sohn. 

106.  H.  Fischer:  Untersuchung  der  Zugfestigkeit 

von  Metalldrahten.— Civing.  Bd.  XXX,  Heft  6. 

107.  A.  Martens:  Die  Festigkeitseigenschaften  des 

Magnesiums.  —  Mitthlg.    Berlin    1887,    Erg^- 
zungsheft  I. 

108.  B.  Kirsch:   BeitrSge   zum  Studium  des  Flies- 

sens. — Mitthlg.  Berlin  1887,  p.  69;  1888,  p.  37; 
1889,  p.  9,  PI.  I. 


a6,  a7,  xio,  145,  151,  153, 
161,  z66,   184,  3a7,  941, 

347.  a77.  3691  PI.  xa. 
a6. 


«^.  «45.  3»4  ▼•!  4051  4061 
445»  506.  5x0,  555,  557, 
558,  560,  610,  640-643, 
PI.  15,  ao. 

a9»  96,  304,  647,  649. 

a9i  9^1  304.  647,  649. 
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48,  36a*  37' 
53t  3x4  V. 
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suchen  mit  gel5theten  Drahtseilen  und  DrUh- 
ten.— Mitthlg.  Berlin  1888. 

110.  A.  Martens:  Ergebnisse  von  Versuchen  Uber    53<  X33>  i37«  xs^i  i59«  335* 

die     Festigkeitseigenschaften    von    Kupfer. —       *'^' 
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ders:  Untersuchungen  von  Granit,  1897,  p.  241. 
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I 

1 


References.  .  xxxix 

1S4.  H  e  i  m  :  Untersuchnngen  Uber  den  Mechanismus    "o- 
der  Gebirgsbildungen.  — Basel,  Schwabe. 

126.  J.  Howard:  Versuche  mit  Eisen  im  erhitzten     "5> 

Zustande. — Iron    A.   1890,  p.  585. — Z.  d.   Ing. 
1896,  p.  569. 
186.  A.  Martens:  Ueber  einige  in  der  mechanisch-     "4- 
technischen       Versuchsanstalt       ausgefUhrte 
EisenuntersuchuVigen. — Mitthlg.    Berlin    1892, 

p.  57. 

127.  R.  Gatewood:  Report  of  the  naval  advisory    — 

Board  on  the  mild  steel. — 1885.  Washington, 
Gov.  Print.  Oflf. 

128.  J.  Bauschinger:  Beschliisse  der  Konferenzen     Z37«  186, aas, 50^ S34* 

zu  Mlinchen,  Dresden,  Berlin  und  Wien  Uber 
einheitliche  Untersuchungsmethoden  bei  der 
Prflfung  von  Bau-  und  Konstruktronsmateri- 
alien  auf  ihre  mechanischen  Eigenschaften. — 
1893.     MUnchen,  Theodor  Ackermann. 

129.  J.  Barba:  Etude  sur  Temploi  de  I'acier  dans  les     HSi  tsa. 

constructions,  etc. — 1874.     Paris,  J,  Baudry. 

180.  March6:    De   la    deformation    permanente   de     i45> 

I'acier. — J.  Civ.  1876,  S.  474,  616. — Civ.  Eng. 
Vol.  66,  1876,  p.  325. 

181.  N.    Belelulski:    Bericht    Uber    die    Arbeiten     X37* 

von  Brandt  und  Liachnitzki. — Mitthlg. 
MUnchen,  Pt.  22,  p.  312. 

182.  A.   Martens:    Einfluss  der   Gewindeform   auf    154- 

die    Festigkeit    der    Schrsvubenbolzen. — Z.    d. 

Ing.  1895,  p.  505. 
188.  —  Vorschriften   fUr  die  Benutzung   der   k5nig-     156- 

lichen  mechanisch-technischen  Versuchsan- 
stalt.— Mitthlg.  Berlin  1895.     Furnished  gratis 

on  application. 
184.  S.   Rondelet:   L'art  de  betir.— 13th  Ed.,  Vol.     i6x. 

IV,  p.  146-154. 
188.  A.  Martens:  Einfluss  der  KSrperform  auf  die     i^^i  1^41 165, 167. 

Ergebnisse     von     Druckversuchen. — Mitthlg. 

Berlin  1896,  p.  133. 

186.  C.  v.  Bach:  Versuche  Uber  die  Elasticitat  und     167, 199,  314  y. 

Druckfestigkeit  an  K6rpern  aus  Cement,  Ce- 
mentmOrtel  und  Beton.  Z.  d.  Ing.  1896,  p. 
1381. — Compare  also  1895,  p.  489. 

187.  C.  v.  Bach:    Elasticit&t   und   Festigkeit.— 1889     168.  zt^,  178*  187,  189, 

and  later  Edts.     Berlin,  Julius  Springer  (Aufl.       '99,  ao2, 908, 210,  an, 

III.  1898).  ;;^  '''^'  334, 383, 


xl  Bibliographical  Index. 

188.  C.  V.  Bach:  Versuche  mit  Gusseisen. — Z.  d.  Ing.     ^7y»  *^  X99i  •••» 

1888,  pp.  193,  221,  1089  and  1889,  pp.  137,  162. 

189.  F.  Grashof:  Theorie  der  Elasticitilt  und  Fes-     187, 189. 

tigkeit. — 1878,  Berlin,  Rudolph  Gaertner. 

140.  J.    Bauschinger:     Ueber    Zerknickungsver-    187. 

suche  (i.  Reihe). —  Mitthlg.  MUnchen  1887, 
Pt.  18. 

141.  L.  V.  Tetmajer:  Methoden  und  Resultate  der    ^87. 

Prlifung  der  Festigkeitsverh&Itnisse  des  Eisens 
und  anderer  Metalle. — Mitthlg.  Zurich,  1890, 
Pt.  4. 

142.  L.  V.  Tetmajer:  Die  Gesetze  der  Knickungs-    X87, 197. 

festigkeit  der  technisch  wichtigsten  Baustofife. 

Mitthlg.  Zurich  1896,  Pt.  8. 
148.  Zimmermann:  Knickfestigkeit  gerader  und     187. 

zusammengesetzter  St^be. — Centr.  Bauv.  1896, 

p.  492. 
144.  R.  Land:  Einfache  Ableitung  der  Eulerschen     188. 

Knickformel. — Z.  d.  Ing.  1896,  p.  99. 
146.  J.    Bauschinger:    Experimentelle    Prttfung     199. 

der  neueren  Formeln  fUr  Torsion  prismatischer 

K6rper.— Giving,  1881. 

146.  Alfred  E.  Hunt:  A  proposed  method  of  test-    axa,  1x7. 

ing  structural  steel. — Am.  Eng.  1893. 

147.  F  r.  Kick:  Ueber  die  zififermHssige  Bestimmung    ax2, 357. 

der  H&rte  und  Uber  den  Fluss  spr6der  Korper. 
— Z.  oest.  1890,  p.  I. 

148.  F  r.  Kick:  Ueber  HSlrtebestimmungen. — Verh.     axa,  337. 

Gew.  1890,  Januar. — Z.  oest.  1891,  S.  59. — 
Dingl.  1891,  p.  292. 

149.  A.    Martens:    Ueber   Hftrtebestimmungen. —    ax6, 357. 

Mitthlg.  Berlin  1890,  p.  281. 

150.  H.  Tresca:  M6moire  sur  le  poin^onnage  et  la     ax9. 

theorie  m6canique  de  la  deformation  des  m6- 
iaux. — Ac.  Sc.  1869,  p.  1197. 

161.   H.  Tresca:  M6moire  sur  le  poin9onnage  der    ax9. 
m6taux   et   des   matidres   plastiques. — Ac.   Sc. 
1870,  p.  27. 

168.  H.  Tresca:  Contribution  ^I'^tude  du  poin9on-    3x9. 
nage  et  des  proues  dont  il  determine  la  forma- 
tion.— Ac.  Sc.  1883,  p.  816. 

168.  M.  Rudeloff:   Bericht  Uber  die  Im  Auftrage    asa,  a6o,  328,  PI.  xm, 
des  Herrn  Ministers  ftir  Handel  und  Gewerbe 
ausgefUhrten  vergleichenden  Untersuchungen 
von  Seilverbindungen  fUr  Fahrstuhlbetrieb.^ 
Mitthlg.  Berlin  1893,  p.  177. 


References.  xll 

154.  J  U  n  g  s  t :  Schraelzversuche  mic  Ferrosilicium. —  n^. 

1890,  Berlin. 

166.  A.  Martens:  MaterialprQfungen  durch  Schlag-  943,  a48,  349-951,  355, 

versuche. — Mitthlg.  Berlin  1891.  357,  PI.  xa. 

166.  K.  Berger:  WiderstandsfUhigkeit  einiger  na-  ■59. 

tUrlicher    Gesteine    gegen     Schlagwirkung. — 
Mitthlg.  Wien  1894,  p.  46. 

167.  A.    Martens:     Vergleichende    Untersuchung    314 v, 339. 

von  Seilverbindungen  fttr  Fahrstuhlbetrieb. — _ 
Mitthlg.  Berlin.  Erg&nzungsheft  V,  1888. 

168.  B.  Kirsch  (Schild):  Beitrag  zur  Beurtheilung    374. 

des  Eisens  bezUglich  seines  Kohlenstoffgehal- 
tes.— Stahl  1888  No.  i. 

169.  Andrews:  Einfluss  der  mechanischen  Defor-     374. 

mation  auf  die  Korrosion  der  Metalle. — Gen. 
Civ.  1895.  pp.  153,  287,  388. 

160.  J.  Bauschinger:  Einfluss  der  Zeit  bei  Zer-     a86,  992. 

reissversuchen  mit  verschiedenen  Metallen. — 
Mitthlg.  Milnchen  1891,  Pt.  20. 

161.  H.  Fischer:  Experimentelle  Untersuchungen     a86, 987. 

Uber  die  Zugfestigkeit  und  Zugelasticit^t  von 
Metalldrilhten. — Giving.  1884,  p.  391. 

162.  A.  Martens:  Festigkeitsprtlf  ungsmaschine  fttr     390,  445,  483,  593,  530, 

die  kOnigl.  mechanisch-technsiche  Versuchsan-  s^Si  5^1  ^8*  693,  PI. 

stalt   zu  Charlottenburg. — Z.  d.  Ing.   1890,    p.  5* 

1003. 

163.  A.  M  a  h  1  k  e  :  Ein  Thermostat  fUr  Temperaturen  398. 

zwischen  50*  und  300*. — Ztschr.  f.  Instrumkd. 
1893,  p.  197. 

164.  A.    Mahlke:    Ueber    einen   Thermomcterver-     298,304. 

gleichungsapparat  fUr  Temperaturen  zwischen 
250*  und  600*. — Ztschr.  f.  Instrumkd.  1894,  p.  73. 
166.  A.  Martens:  Untersuchungen  Uber  den  Ein-     299. 
fluss  der  Warme  auf  die  Festigkeitseigenschaf- 
ten  des  Eisens. — Mitthlg.  Berlin  1890,  S.  159. 

166.  J.  Bauschinger:  Ueber  das  Verhalten  guss-    301. 

eiserner,  schmiedeeiserner  und  steinerner 
Saulen  im  Feuer.— -Mitthlg.  Milnchen  1885,  Pt. 
12  &  1887  Pt.  15. 

167.  M.  MOlleru.   R.   LUhmann:    Ueber   Wider-     301. 

standsfahigkeit  auf  Druckbeanspruchter  eiser- 
ner  Baukonstruktionstheile  bei  erhcihter  Tem 
peratur. — Verb.  Gew.  1887,  p.  571. 

168.  Baudeputation     Hamburg:     Vergleichende     301. 

Versuche  liber  die  Feuersicherheit  von 
Spcichersttttzen.     Kommissionsbericht,  erstat- 


xlii  Bibliographical  Index. 

tet  im  Auftrage  des  Hamburger  Senates. — 
Hamburg,  Otto  Mcissner  1895  and  1897. 

169.  H  e  c  h  t :     Ucber    Temperaturbestimmungen. —    306. 

Thonind.  1896,  p.  294. 

170.  E.  B  1  a  s  s  :  Berechnung  von  Flammentempera-    307. 

turen. — Stahl,  1892,  p.  893. 

171.  W.  C.  Roberts-Austen:   Recent  advances     307,308. 

in  pyrometry. — Am.  Min.  1893,  Chicago  Meet- 
ing. 

Many  reports  on  determination  of  high  tem- 
peratures have  been  published  in  the  later 
vols,  of  Ztschr.  f.  Instrumkde. 

172.  C.  W.   H  e  r  a  u  s  und    Keiser&   Schmidt:     307. 

Ein   technisches    Pyrometer   (Le   Chatelier). — 

Ztschr.  f.  Instrumkd.  1895,  p.  373. 
178.  L.  Holborn  u.  W.  Wien:  Ueber  das  gleiche     307. 

Instrument  (Untersuchungen). — Ztschr.  f.  In- 
strumkd. 1892,  p.  257. 
174.  A.  WShler:   Z.   Bauw.  1863,  p.  240, — 1866,   p.     3x0,321. 

67, — 1870. 
176.  Spangenberg:   Ueber  das  Verhalten  der  Me-     331,337. 

talle     bei     wiederholten     Anstrengungen. — Z. 

Bauw.  1874  u.  75. 

176.  Hoppe:     Hoppe   reports  Albert's  tests  in     3x0. 

Stahl,   1896,  p.  441. 

177.  W   Fairbairn:  The  effect  of  impact  vibratory     310. 

action  and  changes  of  load  on  wrought-iron 
girders. — Phil.  Trans.  1864. 

178.  J.  Bauschinger:  Ueber  die  Ver^nderung  der    314. 

Elasticitatsgrenze  und  Festigkeit  des  Eisens 
durch  Strecken  und  Quetschen,  durch  ErwSr- 
men  und  Abkilhlen  und  oftmals  wiederholte 
Beanspruchung. — Mitthlg.  Miinchen  1886,  H. 
13  (comp.  also  L.  11 1). 

179.  E.     Hartig:     Das     elastische    Verhalten     der    314V. 

MGrtel   und    M6rtelbindematerialien. — Giving. 

i893»  P-  435. 

180.  E.  Hartig:    Ueber   das   elastische   Verhalten     3x4 y. 

hydraulischer  Cemente  und  CementmOrtel. — 
Giving.  1894,  p.  717. 

181.  C.    V.    Bach:    Die    Maschinen-Elemente,    ihre     314 v. 

Berechnung  und  Konstruktion  mil  Riicksicht 
auf  die  neueren  Versuche. — Stuttgart,  J.  G. 
Gotta. 

182.  A.  B.  W.  Kennedy:    The  use  and  equipment    546, 547. 


References.  xliii 

of  engineering  laboratories. — 1887  London,  Inst. 

Civil  Engs. 
188.  M.  V.  Pichler:  Die  Materialprilf  ungsmaschinen     330,  445,  5x8a,  535,  537 

auf  der  Pariser  Wellausstellung  1878.— 1879  G.        555.  S57f  558*  6x0,  PI. 

Knapp.  Leipzig.  '^* 

184.  A.    Bute:    Resultate   von   Versuchen   Uber  die     331. 

Widerstandsfahigkeit   von    Radreifen   an   den 

R^dern  der  Eisenbahnfahrzeuge. — Glas.  Ann. 

1880  p.  29,  etc. 
186.  A.  Martens:  Ueber  eiserne  Flaschen  zur  Auf-     333, 4m. 

bewahrung  von  Gasen   und   flUssiger   Kohlen- 

s&ure.' — Stahl  1896,  No.  22.  (Further  refer- 
ences given  in  the  paper.) 

186.  A.    Martens:     Ueber    das     KleingefUge    des     336,337. 

schmiedbaren  Eisens,  besonders  des  Stahles. — 
Stahl  1887,  No.  4.  —  Verb.  Gew.  1882, 
Juli. 

187.  A.  Martens:  Ueber  Abnutzung  durch  Schlei-    351. 

fen. — Mitthlg.  Berlin  i886,p.  3. 

188.  A.  Martens:    Untersuchung  dreier  Harteprll-    357,358. 

fer. — Mitthlg.  Berlin  1890,  p.  215. 

189.  B.  Kirsch:  Ueber  die  Bestimmung  der   H^rte.     349,357. 

— Mitthlg.  Wien  1891,  p.  279. 

190.  E.  Hartig:    Der    Tragmodul    als    Maass    der    357. 

H&rte. — Giving.  1891,  p.  339. 

191.  F.  Auerbach:  Absolute  H^rtemessung.   Fogg.     357. 

Ann.  1891,  Ft.  5. 

192.  F.  Auerbach:     Ueber    HUrtemessung    insbe-    349,357. 

sondere    an    plastischen    Kdrpern,   Plasticit&t 

und  Spr($digkeit. — Fogg.  Ann.  1893,  Ft.  2. 
198.  F6ppl:  Harteversuche.— Mitthlg.  Mtinchen  H.     357. 

25,  p.  37. — Centr.  Bauv.  1896,  Mai. 
194.  Fr.  Osmond:    Sur   les   essais   par   p^n6tration    357. 

statique    et    par    striage.  —  Comm.    method. 

d'essai   (vide    L.    102).      Contains   a   complete 

bibliography  of  hardness-tests. 
196.  H.  Behrens:  Das  mikroskopische  GefUge  der    357. 

Metalle  und  Legirungen. — 1894,  Leopold  Voss, 

Hamburg. 

196.  V.  Walte  n  hof  en  :  Uebereinen  neuen  Apparat    346. 

zur  Untersuchung  der  HSlrtegrade  des  Stahls 
auf  elektromagnetischem  Wege. — Dingl.  J., 
Bd.  232. 

197.  A.  V.  Kerpely:    Ueber    Eisenbahnschienen. —    246. 

1878,  Arthur  Felix,  Leipzig. 


xHv  Bibliographical  Index. 

198.  Strouhal&Barus:  Ueber  das  Anlassen  des    346. 

Stahls  und  Messung  seines  H&rtezustandes. 
— Verb,  physik.  Gcs.  Wtirzburg,  n.  F.»  Bd.  15. 

199.  G.    A.    A.    Mid  del  berg:    The    hardness    of    349. 

metals. — Engng.  1886,  II,  p.  481. 

200.  G.  A.  Middelberg:  Apparat zur Vergleichung    349. 

der  HSlrtegrade  der  Metalle. — Glas.  An.  1885, 
II,  p.  107. 

201.  Grace  Calvert  &  Johnson:   On  the  hard-    349. 

ness  of  metals  and  alloys. — Mem.  lit.  and  phil. 
Soc.  Manchester  1857-1858. 

202.  Hertz  :    Ueber  die  Berilhrung  fester  elastischer    35a. 

Kdrper  und  ilber  die.Harte. — Verb.  Gew.  1882, 
p.  449. 
208.  Th.  Turner:    The   hardness   of  metals. — Bir-    357. 
mingham  philos.  Soc.  1887,  Pt.  5. 

204.  F  r.   Reiser:  Das  H9.rten  des  Stahls  in  Theorie     35a,  353,  361. 

und  Praxis. — 1881  (2.  Aufl.  1S96),  Arthur  Felix, 
Leipzig. 

205.  A.  Martens:  Ueber  die  Bestimmung  der  ZUhig-    363, 435. 

keit  der  Materialien. — Mitthlg.  Berlin,  1884,  p. 

93- 

206.  J.  B 1  e  i  c  h  :  Tabellen  zur  Bestimmung  der  Kon-    158. 

traktion  und  Zugfestigkeit  von  ProbestSben 
(19,5-20,  5  mm  Durchmesser)  8*. — Leipzig,  W. 
Engelmann,  1890. 

207.  Ph.  Re  den:  a)   Festigkeitstabellen  filr   Flach-     258. 

stUbe  von  40  bis  629  qmm  bei  einer  Festigkeit 
von  20-70  kg/qmm; 

b)  Tabelle  fUr  St&be  von  15,4-16,7,  19,4-20,7 
u.  24,4  bis  25,7  mm  Durchmesser  und  der  Kon- 
traktion  derselben. 

Strassburg,  R.  Schultz  &  Co.,  1894. 

208.  C.  Caris,  H.  C.  Schmidt:  Zahlenbuch.     Pro-     158. 

dukte   aller   Zahlen    bis    1000   mal    1000.     Ein 
Httlfsrechenbuch,    das    alle    Multiplikationen 
erspart  und  das  tlbrige  Zahlenrechnen  ausser- 
ordentlich  abklirzt. 

209.  M.  V.  P  i  c  h  1  e  r  :  (Comp.  L.  183,  S.  17  u.  f.)  445,  454, 4,4,  557,  pi.  ,5. 

210.  C.  G  u  i  d  i:  Notizie  sul  laboratorio  per  esperienze     445,  455,  pi.  15. 

sui  material!  da  construzione. — Ann.  d.  Society 
d.  Ingegneri  e  Architetti  Italiani  1895,  IV  u.  V. 

211.  A.    Martens:     Emerysche    Materialprilfungs-    445,  459,  483,  504,  6*3- 

maschinen,    konstruirt    und    gebaut    von    W.        6as»  PI-  >8. 
Sellers    &   Co.,    Philadelphia. — Z.    d.    Ing. 
1895,  p.  241. 


Rbfkrbncss.  xlv 

212.  Mari6:  Etude  sur  la  mesure  exacte  des  hautes    476. 

pressions  et  sur  le  frottement  des  cuirs  emboutis 

des  presses  hydrauliques. — An.M.i88i,I,S.  104. 
218.  Cooper:    Versuche   Uber  die    Reibungswider-    47^. 

stSlnde  von  Lederstulpen;  vide  Am.  Eng.  1887, 

S.  30. 

214.  Hick:  Versuche  Uber  die  Reibungswiderstfinde    476. 

von  Lederstulpen. — Am.  Eng.  1897. 

215.  A.  Martens:   Ergebnisse  der  Prtlf ungen   von    445,  483.  54a,  543a,  545, 

Apparaten  zur  Untersuchung  der  Festigkeits-    667,  PI.  xi. 
eigenschaf ten  von  Papier  (H  a  r  t  i  g-R  e  u  s  c  h, 
R  e  h  s  e   und   W  e  n  d  1  e  r).  —  Mitthlg.    Berlin 
1887,  Ergilnzungsheft  III  (comp.  also  L.  227). 

216.  Fr.  Reuleaux:  Fortschritte  auf  dem  Gebiete    504. 

der  Kraftmessung  und  insbesondere  des 
WSlgens  in  den  Vereinigten  Staaten. — Verb. 
Gew.  1884,  p.  58. 

217.  J.   Bauschinger:     Benutzung    des    Kontrol-    490. 

stabes  vide  Mitthlg.  Mtlnchen,  Pt.  21,  p.  9 
[vide  F6pl,  Pt.  25,  p.  23]. 

218.  A.  Martens:  (vide  L.  187.)  351(697. 

219.  EmeryScaleCo. :  A  new  system  of  weighing    445,  559, 693-63$*  PL  «8. 

machinery.     1884,  Stamford,  Conn. 

220.  H.  Gollner:  Aus  dem  mechan.-techn.  Labora-    445,  483,  499,493,  598, 

torium  der  k.  k.  deutschen  techn.  Hochschule     PI*  13. 
zu.    Prag.      Die    Festjgkeitsprobirmaschine. — 
Tech.  Bl.  1883,  Pt.  I. 

221.  A.  V.  Abbott:    Improvements   in   methods  for    539. 

physical  tests.  (Illustrations  and  detailed  de- 
scription of  machine  of  Fairbanks  &  Co.). 
— Am.  Min.  1884. 

222.  A.  Martens:    Ueber  Ergebnisse  von  Zerreiss-     534. 

versuchen. — Stahl  1897,  No.  19. 
228.  M.    Rudeloff:    Untersuchung    einer    Festig-    534. 

keitsprobirmaschine,  Bauart  T  a  n  g  y  Broths. 

— Mitthlg.  Berlin  1890,  p.  109. 
224.  Fr.  Conner  t:    Ueber    die    Biegungsf^higkeit    544. 

des  Glases. — Civing.  1888,  p.  i,  PI.  I. 
226.  H.    Tetzner:       Selbstregistrirender     Zerreiss-    545. 

apparat  mit   stetiger   Belastung   und    hydrau- 

lischer     Kraftllbersetzung. — Civing.     1891,    p. 

505,  PI.  29  u.  30. 
226.  A.  Martens:  Grunds&tze  fUr  die  Konstruktion     543. 

von  FestigkeitsprQfungs-Apparaten  filr  Papier. 

— Papierzeitung  1886,  No.  40. — Centralzeitung 

filr  Optik  und  mechanik  1886,  p.  229. 


xlvi  Bibliographical  Index. 

887.  A.  Martens:  Ueber  den  Einfluss  der  L&nge  und     154,  548, 545. 

Breite  der  Probestreifen  auf  die  Ergebnisse 
der  Festigkeits  -  Untersuchungen  von  Papier 
(Fehler  des  H  a  r  t  i  g-R  euschschen  Appa- 
rates). — Milthlg.  Berlin  1885,  p.  3,  PI.  I  and  II. 

888.  Dal6n:  Untersuchung  eines  S  c  h  o  p  p  e  rschen    445,  536, PU  ti. 

FestigkeitsprUfers. — Mitthlg.    Berlin    1891,    p. 

75.  PI.  11. 

889.  V.    Pohlmeyer:    Beschreibung    der    Pohl-     pi. 9, 

m  e  y  e  r-Maschine  in  Stahl  1881,  p.  236. — 
Dingl.  J.  1882,  B.  245,  p.  16. 

880.  A.  Martens:  Entwurf  einer  Schmier&l-Probir-    556,7x7. 

machine. — Mitthlg.  Berlin  1890,  p.  i,  PI.  I. — 
1888,  ErgSlnzungsheft  III. — 1889,  Erg^nzungs- 
heft  V. 

881.  M.   Rudeloff:   Ueber  den    Einfluss  der    Ver-    154, 

suchsl3.nge  auf  die  Festigkeit  von  Hanfseilen. 

— Mitthlg.  Berlin   1897,  p.  250. — 1895,  p.  128. — 

1894,  p.  I. 
888.  B.  K  i  r  s  c  h  :   Ueber  den  Einfluss  der  Versuchs-     154. 

iSLnge    auf    die    Festigkeit   von    Hanfseilen. — 

Mitthlg.  Wien  1897,  PI.  7  and  8. — 1893,  p.  291. 
888.  C.    V.     Bach;    Versuche    mit    Schrauben    aus     605. 

Schweiss-  und  Flusseisen  gegentlber  Drehung 

und  gegentlber  Zug. — Z.  d.  Ing.  1895,  p.  854. 
884.   H.  F.  W  i  e  b  e  :  Apparate  zur  Messung  h()herer    477,  550,  552, 557. 

Druicke. — Zeitschr.    f.    komprim.    Gase    1887, 

No.   1,2,  5,  6. — Manometer   Galy-Cazalat 

described   in    Soc.    Enc.   1846,    p.  590. — Dingl. 

J.  1847,  Bd.  103,  p.  321. — Manometer  Desgoffes 

is  a   modification    thereof. — Sucrerie   indigene 

1871,  S.   151. — Dingl.  J.  1871,  Bd.  202,   p.  393. 

(W  i  e  b  e  giebt  zahlreiche  andere  Quellen  an.) 
885. :  The  Wicksteed     testing-machine. —    5,9. 

Amer.  Mach.  1879,  No.  44. 

886.  M.  Rudeloff:  Htilfsmittel  und  Verfahren  der    6xo«  7*7. 

Materialprilfung  ;  Handbuch  der  Ingenieur- 
wissenschaften.    1889,  W.  Engelmann.  Leipzig. 

887.  G.    F.    Charnock:     The    Wicksteed    testing-    6n, 

machine  at  the  Bradford  Technical  College. — 
Engng.  1896. 

888.  J  o  h.      SpdCil:     Wagen,    Dynamometer     und     6x0. 

Materialprilfungsmaschinen. — Wien  i877,Faesy 
&  Frick. 

889.  Nilrnberger      Maschinenfabrik:    Ma-    445,  564-5731  PI*  > 

schine  zum  Prtlfen  der  Festigkeit  der  Materi- 
alien.  konstruirt  von   Ludwig   W  e  r  d  e  r  und 


References.  xlvii 

Instrumejite   zum  Messen  der  Gestalts-Ver&n- 

derungen  der  Probck6rper,  konstruit  von  Job. 

Bauschinger.  — Mttnchen  1882,  Dr.  C.  Wolf  & 

Sohn. — Engng.  1883,  I,  p.  530. 
340.  W.  C.  U  n  w  i  n  :  The  testing  of  materials  of  con-     445,689,704,707,796-738. 

struction. — London  188S,  Longmans,  Green  & 

Co. 
241.  Chauvin    u.    Marin-Darbel    (Maschine):     Pi.  15. 

Machine  d  essayer  les  m^taux. — R.  Ind.  1876, 

S.  496  ;  1878,  S.  265.— An  T.  P.  1881,  p.  334. 
S42.  Emery  (Machine):  445, 623-635,  PI.  x8. 

Marmier. — R.  Ind.  1884,  p.  194. 

Th  areau. — G.  Civ.  1887,  XII,  p.  5. 

C  h  e  V  i  1 1  a  r  d. — R.  Ind.  1887,  p.  354. 

—  —      —      Engng.   1888,  p.  462,  512,  II,  S. 

21,  433- 
Kirsch. — Woch.  Oestr.  1891,  No.  14. 
948.   Kennedy  (Greenwood  &  Batley) :  445,  6xt>62a,  PI.  16. 

Combe.— G.  Civ.  1890,  XVIII,  p.  81. 

—  — R.  Ind.  1890,  p.  477. 

—  — Engng.  1890,  II,  p.  310. 

S44.  Materialprilfungsmaschinen    (general)    611-643. 
Clarke. — Am.  Eng.  1875,  p.  102. 
H  o  1 1  e  y. — Am.  Eng.  1875,  p.  265. 
Deniseau    u.    Lechien. — Art.  Mar.   1883, 

S.  311;  1884,  S.  17.— Civ.  Eng.  1886,  p.  390. 
Abbott. — Civ.  Eng.   1883,  p.  385. — V.  Nostr. 

XXX,  p.  39. 

246.  Paris-Lyon-Mediterran6e:  445-6x0,  PI.  15, 

—     —     —     P.  Ind.  1880,  p.  129. 
Lebasteur. — R.  Chf.  1883,  I,  p.  332. 
Pr6andeau. — An.  P.  C  1884,  II,  p.  680. 
1M6.  Kirkald  y:  Mett  ri  er. — An.  M.  1890,  I,  p.  151.     445,9x9,620. 

247.  Petit : — An.  Ind.  1891,  I,  646  ;  J.  civ.  1891,  I,  p.     6x0. 

194.  293. 

248.  Various  old  Machines:  6x0. 

Damourett e. — Pll.  Mach.  1857,  p.  19. 
T  i  m  b  e  r  i  n  k. — A.  Con.  1858,  p.  11. 
A  d  r  i  e  n. — Pll.  Mach.  i860,  p.  41. 

249.  Thomaset:  445,  pi.  15. 

—  —  An.  Ind.  1876,  I,  p.  30;  1881,  II,  p.  644. 
P6rard.— R.  M.  M6t.  1879,  I»  P*  132. 
Gautier. — Ir.  and  St.  1889,  I,  p.  184. 

250.  Adamson  :  445, 610, 

—  —    R.  Ind.  1880,  p.  33. 

—  —    R.  M.   M6t.    1888,  S.  184;  Ir.  and  St. 
z888,  II.  p.  12. 


xlviii 


Bibliographical  Index. 


251.  Trayvou: .  Pll.  Mach.  1883,  p.  161. 

262.   Hagen:   GrundzQge   der   Wahrscheinlichkeits- 

rechnung. — Berlin,  Ernst  &  Korn,  1882. 
258.  P.  D  e  b  r  a  y  :  Laboratoires  de  I'^cole  nationale 

des  ponts  et  chauss6es. — Paris,  1891. 

254.  W.    H.    Warren:  Apparatus   for  ascertaining 

the  minute  strains  which  occur  in  materials 
when  stressed  within  the  elastic  limit.— 1897, 
Roy.  Soc.  N.  S.  Wales,  July  7. 

255.  G.    H.    Knibbs:    The  theory  of  the  reflecting 

extensometer  of  Prof.  Martens. — 1897,  August  4. 

256.  M.    Ch.    Fremont:    Etude    exp6riroentale    du 

cisaillement  et  du  Poin9onnage  des  m6taux. — 
Soc.  Enc.  1897,  p.  1177. 

257. :    Tests    of    Cast-iron    Columns. — Eng. 

Magaz.  1898,  March,  1031 — Eng.  News,  1898. 

258.  Die  gel:  PrUfung  der  Metalle  auf  Zugfestigkeit 

und  Dehnung. — Marine-Rundschau  1898,  PI.  4. 

259.  F.  M  i  c  h  a  6  1  i  s  :    Protokoll  1898   der   Verhand- 

lungen  des  Vereins  deutscher  Portlandcement- 
fabrikanten. — M.  introduced  his  devices  for 
tranverse-  and  punching-tests. 


445«  6x0. 
649. 

676. 
694. 


694. 


549- 


475. 


499- 


509. 


C.  Index  of  Names, 

Numbers  following  names  indicate  paragraphs  in  the  text. 


Abbe,  665. 

Albert,  310. 

Adamson,  445. 

Amagat,  477-  550.  56o,  561. 

Amsler-Laffon,   65,   445,   453,    460a, 

471,  477.    550,   561,   56i«,  602-609, 

719. 
Arnould,  5550. 
Ashcroft,  547. 
Athens,  Union    Bridge  Co.,  i,  445, 

473. 
Auerbach,  349,  352,  353. 

Bach,  C.  v.,  53,  167,  168,  172,  186, 
187,  i8q,  199,  203,  210,  2x6.  275. 
314,  410.  533,  605,  676,  679. 

Bacl6,  405,  406. 

Barba,  27.  100,  113,  115,  116,  145,150- 

152,  154. 
Barus,  305,  346. 
Batley  &  Greenwood,  455,  516. 
Baudeputation-Hamburg,  301. 
Baumann,  576. 


Bauschinger,  Joh.,  53,  71,  77,  81-86, 
92-94,  103a;  105,  no.  142,  146,  148- 
154,  156,  161-167,  172.  180,  187, 
192-194,  196,  197.  199,  203-206 
215,  267.  286,  292.  301,  310,  313  bis 
320,  337,  339,  351.  355,  378,  426. 
484,  490,  565,  567  bis  570,  573,  576, 
665,  668,  669,  676.  678,  680,  690- 
692,  694,  697,  703,  706. 

Bayley.  445,  562. 

Becker,  E.,  500. 

Behrens,  H.,  357. 

Belelubski,  N.,  137. 

BOhme,    F.,     533,     546.     675.     692, 
694. 

Boley,  533,  679. 

Bourdon.  550,  551,  556,  628. 

Bovey,  H.  T. ,  96. 

Bradford  College,  612. 

Breuer,  Schumacher  &  Co.,  466. 

Buckton,  445,  485,  611-618. 

Bute,  331. 

Buzby,  683,  684. 


Index  of  Names. 


xlix 


Callendar,  307. 

Calvert,  349. 

Carrington,  445,  537. 

Cazalat,  Galy-.  557. 

Chamond,  44s,  479. 

Charlottenburg,  Versuchsanstalt : 

Methods :  19,  106,  120  bis  124, 
133.  156,  160,  167,  180,  257.  275. 
333.  349»  359»  386.  399,  407,  408. 
671. 
Devices:  65,  72,  73,  76,  87,  137, 
216,  226,  228-230,  232,  267,  290, 
299»  325.  427.  328.  357.  411-416, 
420-423.  450,  457.  458,  465-467, 
469  bis  471,  490,  493,  500,  520, 
524.  533.  534.  536,  538.  543.  546. 
556,  564  bis  573,  576,  587.  591 
bis  597,  665,  667-669,  675,  691 
-696,  698,  699,  717. 
Tests  :  103,  154,  241,  243,  248, 
260,  261,  263,  332,  367.  509,  603, 
699,  770. 

Chauvin,  65,  445,  558,  610. 

Clermont,  677. 

Commission  d'essai,  558. 

Connert.  542. 

Consid^re,  34,  425. 

Cooper,  476,  550, 

Creusot,  445. 

Crosby.  541. 

Curioni,  445,  455,  6io. 

Debray,  P.,  610,  668,  676. 
DelaloS,  445,  516. 
Deprez-d'Arsonval,  307. 
Desgoffes,  445.  454.  455.  557,  610. 
Deutsche  Gold-  und  Silber-Scheide- 

anstalt,  304,  305. 
Dumas,  344. 

Ehrhardt,  452,  587-590. 
Els^ssische    Maschinenfabrik    Gra- 

fenstaden,  583-586. 
Emery.  65,  445,  467.  475,  483,  485, 

501-504,    508,    559.   563,  609,  623- 

635. 
Ehrhard  &  Scheitel,  305. 

Euler,  187. 

Swing.  708. 

Fairbairn,  310. 

Fairbanks,  445.  486.  504,  529.  713. 

Fischer,  Hugo,  48,  286,  287,  362.  367. 

371.  542. 
FOppl.  349.  352. 

Forstakademie-Eberswalde.  160. 
FrSLnkel.  546. 


Fremont,  549. 
Fuess,  676. 

Qaly-Cazalat,  557. 

Gauss,  692.  701. 

Gauthey,  161. 

Gollner,  H.,  65,  115,  445.  452,  479, 

483,  490,  492,  493,  508,  598-601. 
Grafenstaden,    els&ss.   Masch.-Fbr.. 

445,  492.  493,  518,  583-586,  715. 
Grashof,  187,  199. 
Gray,  709,  723. 
Greenwood  &   Batley,  445,  516,  619- 

622. 

Hackney,  150. 

Hartig.  48,  53.  65,  3I4.  353.  362,  445. 

483.  540,  542  bis  545.  555,  677.  703. 

718. 
Hartmann,  L.,  no. 
Hasse,  M.,  458. 
Hauenschild,  351. 
Hecht,  306. 
Henning,    Gus.    C,   72,   642,   678a, 

679^.  687,  701,  702,  721,  725. 
Hertz,  352. 
Hick.  476,  550. 
Hollborn,  305. 
Hoppe,  C,   445.  457,  458,  485,  492, 

493.  591-598.  680,  696. 
Howard,  115,  326. 
Hunt.  A.  E..  212,  217,  549. 

Intze.  182. 

Johnson,  349. 
jUngst,  234. 

Keep,  349,  641. 
Keiser  &  Schmidt,  307. 
Kellog,  445,  473-475,  485,  552. 
Kennedy,    326,    548,    674,   675,   677, 

709.  718,  726. 
Kerpely,  A.  v.,  346,  349. 
Kick,  27,  no,  151,  752,  161,  166. 184, 

212.  227,  241,  242,  247.  277. 
Kircaldy,  D.,  no,  445,  619,  620. 
Kirsch,   B.,  no,  119,  122,  124,  259. 

349.  353.  576.  700,  701. 
Klebe,  665,  668,  669,  676,  691. 
Konferenz  z.  Vereinb.  einhtl.   Prtt- 

fungsverf.,  137,  155,  167,  186,  225, 

226,  259,  373. 
Krupp,  I. 

Land,  187. 

Lanza,  G.,  625,  628. 

Lebasteur,  145,  555a. 


1 


Bibliographical  Index. 


Le  Chatelier,  307. 
Ledebur,  A.,  115,  353.  354. 
Leuner,  O.,  544.  545,  548,  549»  678, 

703,  718. 
LGwe,  563. 

Maillard,  65,  445.  454,  556,  557,  609. 
Mari6,  145,  445,  476,  550,  584. 
Marin  Darbel,  65,  445,  558,  610. 
Martens.  A.,  65,  73,    88,  89,    9?r94» 
103.    133.    150.    152.   161-166,    181. 

194,  206,  216,  219,  222,  228-230, 
232,  241.  243,  258,  259,  290,  299, 
300.  314,  325,  327,  328,  332,  357. 
367,  421.  423,  445.  469,  471,  483, 
485.  500,  508,  520,  523,  524,  530. 
532-534,  546.  556,  563-573.  587. 
665,  667-669,  675,  678,  680,  682, 
691-700,  705,  709,  712,  716-718. 

Marshall,  687 

Massachusetis     Inst.     Technology, 

195,  326,  625,  678. 
Meyer,  H.,  330. 
MichaSlis,  445,  509. 
Michele,  445,  531,  535. 
Middeberg,  349. 
M511er,  301. 

Moller  &  Blum,  543. 

Mohr  &  Federhaff,  65,  72,  376,  445, 

465,  479.  480,  486.  492.  493.   517. 

574  bis  582,  714. 
Mohs,  343,  352.  358. 
MUller,  E.,  542. 
Mailer.  F.  J.,  598. 
Munscheid.  299. 

NapoH,  65,  556.  717. 

Neel,  677. 

Nllrnberger  Maschinenfabrik,  564- 

573- 

OUivier.  445,  455,  610. 

Olsen,  T.,  65,  445,  486.  488,  492,  525, 

526,  637,  640  bis  643,  687,  707,  709, 

720,  721. 
Osmond,  F.,  314. 

Paine,  673. 

Paris-Lyon,  445. 

Paupier.  518a. 

Peitz,  E.,  409. 

Perronet,  161. 

Petit,  510,  610. 

Pfaff,  445.  485,  496,  506. 

Phcenix   Iron   Co.,    I.   65,  445,  474. 

475. 
Physikalisch-technische     Reichsan- 

stalt,  304,  307.  551. 


Pichler,  M.  v.,  558. 

Pisati,  53. 

Pohlraeyer.  10,  65,  no,  445,  465,  493. 

531-534.  559.  587-590.  716. 
Pralon,  314. 
Prinseps,  305. 
PrOtt  &  Seelhof,  466. 

Reid,  445,  509. 

Reiser,  353,  354,  361.  366. 

Reuleaux,  361,  504,  627. 

Reusch,  65,  445,  483,  539,  542.  543, 

545,  718. 
Riehl6,  65.   445,   460,   486,   488,  492^ 

526,    528,    567,    636-640,   673.   683, 

684,  686,  687,  723. 
Roberts-Austen,  308. 
Rondelet,  161. 
Rotter,  277,  279. 
Rudeloff,  65.  232,  233,  349,  352»  445, 

709. 

Scheitel  &  Ehrhard,  305. 

Schmidt,  P.  M.,  53. 

Schmidt  &  Keiser,  307. 

Schoppen,  L.,  65,  445,  531.  535,  536. 

Schwedler,  505. 

Seelhof  &  Prott,  466. 

Seeger,  306. 

Sellers,  W.  &  Co..  459,  483,  485,  50a, 

504,  623-635. 
Sibley  College,  639. 
Siemens,  307. 
Smith,  351. 
Souflot,  161. 

Spangenberg,  320.  324,  337,  691. 
Steelworks  of  Scotland,  375. 
Strohmeyer,  681. 
Stummer,  445. 

Tarnogroki,  v.  65,  445,  531,  537. 
Tetmajer,  L.  v.  137,   140,   187,   197, 

382,  431-435,  567,  576,  603. 
Thomaset,  445,  555,  556,  562. 
Turner.  357. 
Trayvou,  445. 
Tresca.  no,  219,  222. 

Uchatius.  230.  260. 
Uehling  307.  3o8<x. 
Union  Bridge  Co..  Athens,  473. 
Unwin,   96,   445,  562,  677.  689,  704, 
707.  709.  726,  728. 

Verband,  internat.,   f.   MatprUf.   d. 

Technik,  s.  Konferenzen,  155. 
Verein   deutscher    Eisenbahnverw.^ 

225,  226,  231,  271. 


Index  of  Names. 


li 


Verein  deutscher  EisenhUttenleute, 

140. 
Verein  deutscher  Ingenieure,  108. 
Vicat,  161.  167. 
Violle.  305. 

Waltenhofen,  v.  346. 

Warburg,  53. 

Wendler,  65,  445,  539,  54a,  543,  559, 

678. 
Werder,  65.  203.  445,  453.  483.  485, 

488.  493.  495,  504,  507,  549,    564- 

573.  711. 
Whitworth,  65,  445,  559. 


Wiborgh,  307. 

Wicksteed.  65,  445,   485,    519,    521, 

550.  611-618,  726,  727. 
Wiebe,  551. 
Wiedemann,  53. 
Wien,  305. 
WOhler,   A..  310,  314,   315  bis  325, 

329,  426,  431-435. 

Yale,  687. 

Zeiss,  C,  546,  665,  694. 
Zimmermann,  187. 


INTRODUCTION. 


!•  The  practical  knowledge  of  properties  of  materials  is 
an  important  part  of  technology.  It  is  the  study  of  the  prop- 
erties and  of  the  useful  value  of  materials  used  in  technology. 

Technology,  however,  is  also  concerned  in  their  production 
and  distribution.  This  definition  elucidates  the  importance 
of  this  territory  of  technological  activity.  Without  the 
steady  perfectioning  of  our  knowledge  of  the  properties  of 
materials  used  in  the  construction  of  machines,  or  with  which 
we  operate  them,  constant  advance  and  progress  of  industries 
would  not  be  possible.  Everywhere  in  manufactures  will 
the  inquiry  as  to  properties  of  materials  used  or  to  be  ob- 
tained turn  up  in  ^he  foreground.  The  question  as  to  the 
value  of  the  materials  is  frequently  decisive  in  the  inaugura- 
tion of  enterprises.  The  greater  or  lesser  difficulty  in  ob- 
taining materials  has  frequently  been  the  cause  for  the  estab- 
lishment or  decadence  of  entire  industries.  Industries,  e.g., 
founded  upon  the  occurrence  of  petroleum,  natural  gas,  etc., 
etc.,  in  a  given  district,  lose  their  profitableness  with  the 
drying  up  of  the  sources  of  their  supplies,  when  they  can- 
not bear  the  increased  cost  of  transportation  from  other 
places,  or  when  the  method  of  operation  does  not  permit 
their  use  of  materials  having  different  qualities. 

How  important  a  correct  knowlege  of  materials  is  con- 
sidered   in    manufacture    is    readily    recognized    when    it    is 
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seen  how,  e.g.,  all  our  metallurgical  and  other  establishments 
which  produce,  and  fabricate  finished  from  raw  materials,  are 
equipped  with  laboratories  for  the  investigation  and  analysis 
of  the  raw  materials  and  of  the  product.  A  plant  like  that 
of  Krupp,  in  Essen,  has  numerous  chemical  laboratories,  as 
well  as  such  for  determining  strength  and  other  mechanical 
and  physical  properties  of  metals  and  other  materials  of  con- 
struction. Even  smaller  works  have  testing-machines  and 
employ  engineers,  with  frequently  numerous  assistants,  for 
the  constant  testing  of  their  materials.  In  shops  using  the 
artificial  products  extensively  organized  testing  laboratories 
are  also  frequently  found. 

I  refer  to  the  bridge-shops,  which  frequently  possess  power- 
ful testing-machines,*  to  the  production  of  wire  and  of  rope, 
in  which  dozens  of  machines  for  testing  the  properties  of  the 
wires  and  ropes  produced  are  to  be  found  in  addition  to  com- 
plete laboratories  for  investigating  the  electrical  behavior  of 
the  telegraph  cables  manufactured.  Our  railways  and  military, 
etc.,  etc.,  have  special  departments  of  administration  which 
are  solely  occupied  with  purchase,  tests,  preservation  and  dis- 
tribution of  materials  used  by  them. 

Wherever  there  is  a  question  of  the  use  of  large  quan- 
tities of  materials  a  contract  is  made  between  the  seller 
and  buyer,  in  which  the  properties  required  in  the  material 
are  specified  with  utmost  precision.  Special  officers  of  rail- 
ways, for  instance,  are  detailed  to  supervise  the  delivery  of 
rails;  engineers  have  their  inspectors  for  bridge  structures; 
military  authorities  for  armor,  guns,  projectiles,  etc.,  to 
supervise  the  entire  manufacture,  and  to  keep  watch  that 
the  materials  be  manufactured  with  the  utmost  care,  and  that 
the  specifications  and  requirements  are  met  in  every  minutest 
detail. 

*  In  the  United  States  there  are  the  Union  Bridge  Company's  machine 
at  Athens,  Pa.,  of  600  tons  capacity  (Z  5^,  1891,  p.  142),  and  the  Phoenix 
Iron  Company's  machine  at  Phoenixville,  Pa.,  of  1200  tons  capacity  {L  48, 
1887,  p.  413)  for  testing  bridge  members.  The  Keystone  Bridge  Works, 
Pittsburg,  Pa.,  has  a  500-ton  machine. — G.  C.  Hg. 
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The  young  engineer  must,  therefore,  acquaint  himself 
with  the  properties  of  materials,  as  the  time  when  he  may  be 
called  upon  to  assume  charge  of  inspection  and  pass  upon  the 
value  or  the  defectiveness  of  material  may  come  to  him  at  an 
early  age. 

The  responsibility  which  he  must  thereby,  as  a  rule,  as- 
sume may  be  a  very  grave  one,  for  upon  his  decisions  depends 
the  welfare  of  the  producer  as  well  as  of  the  purchaser ;  even 
the  public  interest  may  be  injured  by  neglect  of  his  duties, 
because  the  safety  of  a  structure  may  be  endangered  by  de- 
fective material.  Should  he  be  the  representative  of  a  manu- 
facturer, or  the  deputy  of  an  administrative  department,  or 
even  a  middleman,  acting  as  expert  between  both  parties, 
his  knowledge  and  experience  will  invariably  be  heavily 
taxed. 

Even  in  later  years  the  engineer  cannot  remove  the  direct 
responsibility  for  the  good  properties  of  the  materials  used  in 
construction  or  processes,  in  whichever  branch  of  industry  he 
may  be  occupied.  It  is  he  who,  as  manufacturer,  manager, 
or  responsible  officer,  writes  specifications  and  signs  contracts. 
He  cannot  do  this  profitably  without  an  exact  knowledge  of 
and  manifold  experience  in  the  department  of  testing  materi- 
als. His  responsibility  will  not  be  less  direct  in  these  positions 
than  when  acting  as  inspector  of  materials.  For  upon  the  skil- 
ful and  practical  wording  of  specifications  frequently  depends 
the  productivity  and  endurance  of  his  machines  and  con- 
structions, quite  as  much  as  upon  the  perfection  of  the  design. 

He  can  play  a  progressive  or  an  injurious  part  in  an  in- 
dustry according  to  the  specifications  which  he  writes. 

This  work  shall  give  a  systematic  representation  of  the 
most  important  points  to  be  observed  in  testing  materials. 
Practical  knowledge  of  machines,  instruments,  and  methods 
especially  shall  be  disseminated,  to  which  are  to  be  coupled 
the  properties  and  utility  of  materials,  particularly  as  applied 
to  machine  design.  Moreover,  it  is  not  to  be  merely  a  guide- 
post  to  the  beginner,  but  the  author  hopes  to  be  able  to  offer 
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to    the   experienced   engineer,   also,   much  relief   and  some 
benefit  in  the  execution  of  difficult  tasks. 

2.  Two  classes  of  materials  may  be  recognized.  In  the 
first  group  may  be  classified  such  materials  which  form  the 
framework,  foundation,  members  of  machines  or  construc- 
tions. It  is  the  intention  to  maintain  these  in  their  original 
shapes  permanently  (columns,  trusses,  machine  frames,  etc.), 
or  to  change  them  in  a  gradual  or  definite  manner,  if  not 
to  let  them  return  to  their  original  form  after  use  (springs, 
etc.,  etc.). 

Henceforth  I  desire  to  call  these 

Materials  of  construction,  or  building 
m  at  e  ri  al  s  . 

To  these  belong  metals,  wood,  stone,  etc.,  etc. 

The  second  group,  for  purposes  of  distinction,  I  shall 
designate  as 

Materials  of  consumption, 
because  they  are  consumed  or  transformed  in  the  processes  or 
industries  in  which  they  are  used,  as  a  rule  doing  work  re- 
quiring replacement  in  order  that  the  process  may  be  con- 
tinuous. To  this  group  belong  water,  coal,  lubricants,  etc., 
etc. 

This  separation  in  two  groups  is  not  a  rigid  one,  for  even 
the  materials  of  construction  are  in  a  certain  sense  **  con- 
sumed," and  a  material  intended  generally  for  consumption 
may  occasionally  become  part  of  a  structure. 


L  Technological  Properties  of 
Materials  of  Construction 

in  General. 

A.  Mechanical  Properties. 

3.  The  bed,  pedestal,  frame  of  a  machine  may  change 
its  shape  under  stress — e.g.  in  a  steam-engine  by  the  piston 
pressure ;  in  a  press  by  the  plunger;  in  the  lathe  while  taking 
a  cut — only  to  such  a  small  degree  that  noticeable  relative  dis- 
placements of  individual  parts  do  not  occur.  It  must  be  ascer- 
tained of  the  material  of  which  the  separate  parts  consist  that 
it  answers  these  requirements,  that  it  behaves  as  nearly  as  pos- 
sible like  a  rigid  body  and  can  safely  bear  the  various  loads  to 
which  it  is  subjected  in  the  steam-engine,  the  press,  the 
lathe.  The  movable  parts  of  machines  must,  however,  an- 
swer their  purpose  in  a  similar  manner,  being  intended  to 
transmit  motion  and  loads  from  one  part  of  a  machine  to 
another,  while  they  are  constrained  to  travel  in  prescribed 
paths,  by  the  shape  of  the  rigid  parts.  The  piston,  the 
plunger,  the  connecting-rod,  the  crank  of  the  steam-engine 
are  examples  of  this  case.  But  these  parts  as  well,  consid- 
ering each  for  itself,  must  not  change  their  shape  to  a  notice- 
able degree;  they  should  be  constructed  of  materials  as  rigid 
as  possible. 

Physics  teaches  us  that  there  are  no  strictly  rigid  bodies, 
that  in  so-called  rigid  bodies  all  particles  are  in  motion,  and 
that  a  body  is  called  "rigid'*  when  it  does  not  change  its 
shape,  of  itself,  under  the  influence  of  gravity,  but  which  op- 
poses a  resistance  to  every  attempt  to  change  its  external 
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shape.  Accordingly  absolute  rigidity  must  not  be  expected 
of  materials  used  for  the  constructional  parts  above  mentioned, 
but  a  definite  resistance  for  the  purposes  intended  under  a 
determined  change  of  shape  must  be  satisfactory.  In  other 
words,  a  definite  degree  of  rigidity  must  be  demanded  of 
them.  » 

The  material  of  construction  must  be 
resistant. 

4.  Other  parts  of  machines  must  do  a  certain  work,  un- 
dergoing material  changes  of  shape  under  the  effect  of  exter- 
nal forces,  and  again  returning  to  their  original  shapes  when 
released.  Such  details  are  found  in  the  suspension  springs  of 
locomotives;  buffer  springs,  resisting  the  shock  between  cars; 
the  bow  which  launches  the  arrow;  etc.,  etc.  Materials  pos- 
sessing these  properties  are  called  **  elastic.'* 

The  property  of  elasticity  is  requisite 
in  all  materials  of  construction  in  addi- 
tion    to     resistance. 

5.  Bodies  which  slide  upon  each  other  like  steam-engine 
crossheads,  pistons  in  cylinders,  shafting  journals  in  boxes, 
produce  friction  and  abrasion,  which  are  both  accompanied  by 
considerable  absorption  of  work,  and  as  work  costs  money, 
must  be  avoided  by  the  careful  constructor  and  must  be  re- 
duced to  a  minimum.  Experience  teaches  that  hard  materials 
are  abraded  less  than  soft  ones.  The  hard  body  resists  pene- 
tration by  a  foreign  body  more  than  a  soft  one.  Hardness 
and  softness  cannot,  however,  be  considered  as  opposites,  but 
the  latter  must  be  considered  merely  as  a  lesser  degree  of  the 
former. 

Materials  of  construction  should  there- 
fore possess  the  property  of  hardness  as 
well. 

6.  It  happens  in  our  machines  occasionally  that  the  forces 
acting  on  some  parts  are  applied  suddenly,  even  by  impact, 
and  experience  teaches  us  that  some  bodies  do  not  withstand 
such  loads.     They  break  like  glass,  while  others  withstand 
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even  heavy  impact,  sometimes  undergoing  considerable  change 
of  shape  and  retaining  it.  Materials  of  the  first  variety  are 
called  brittle,  while  those  of  the  second  are  commonly  called 
tough  (ductile). 

Toughness  and  brittleness  are  there- 
fore properties  of  materials  which  must 
be     subject     to     examination. 

7.  Thus  far  properties  of  materials  were  considered  which 
were  required  of  them  for  constructive  purposes,  and  we  must 
now  consider  those  which  they  must  develop  in  order  that 
they  may  be  readily  given  the  forms  required  for  the  desired 
detail.  To  keep  these  two  groups  of  properties  easily  sepa- 
rated and  readily  identified  hereafter,  arbitrary  names  shall  be 
adopted  for  them,  never  forgetting,  however,  that  such  divi- 
sions into  groups  are  by  no  means  precise  or  definite. 

The  properties  first  treated  of  we  shall  call  the  me- 
chanical properties  of  materials,  because  these  are 
predominantly  required  in  the  mechanical  application  of  loads 
in  construction. 

The  properties  now  to  be  considered  we  shall  call  tech- 
nological properties,  because  they  are  in  predominant 
evidence  in  the  fabrication  of  materials  into  constructive  de- 
tail. 

B.  Technological  Properties. 

8.  The  transformation  of  materials  into  constructional 
detail  is  carried  on  in  many  ways.  The  materials  must  there- 
fore develop  manifold  properties;  they  must  be  "work- 
able," i.e.  they  must  be  in  such  condition  or  capable  of  be- 
ing put  in  a  condition  that  they  can  be  transformed  into  the 
desired  final  shape.     This  can  be  attained  by 

1.  Division,  i.e.  separation  into  individual  parts  of 
the  mass; 

2.  Transformation  of  the  mass  without  separation; 
and 
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3.  Agglomeration,  I.e.  uniting  of  various  parts  into 
one  mass. 

9.  Among  the  processes  of  the  first  kind,  viz.  division,  are 
working  by  edge-tools,  such  as  wedges,  shears,  saws,  chisels, 
gouges,  drills,  etc.,  etc.  To  make  these  tools  serviceable  the 
material  must  possess  the  properties  previously  described,  to  a 
more  or  less  pronounced  degree.  Here  the  properties  of 
resistance,  elasticity,  hardness,  toughness, 
and  brittleness  come  into  question. 

10.  In  the  second  group,  in  which  fabrication  is  carried 
on  by  transformation,  the  preceding  properties  must  be  con- 
sidered as  well,  but  in  addition  there  are  other  properties  not 
previously  discussed. 

Some  materials,  especially  metals,  may  be  transformed 
into  different  shapes  in  their  cold  state  by  hammering ;  these 
are  said  to  be  malleable.  Other  substances  yield  to  ex- 
ternal forces  more  or  less,  and  their  shape  is  permanently 
changed ;  they  are  called  formable,  kneadable, 
pressable,  mintable,  drawable,  etc.  These  prop- 
erties of  malleability  and  plasticity  are  not  strictly 
separable,  and  differ  mainly  in  degree. 

The  nomenclature  of  these  properties  in  particular  is  de- 
rived from  the  methods  of  fabrication  to  which  the  material 
was  subjected. 

11.  Other  substances  which  are  but  slightly  malleable  or 
formable  in  their  ordinary  condition  may,  by  certain  pro- 
cesses, be  transformed  into  bodies  readily  malleable  and 
formable.  When  this  becomes  possible  by  the  application  of 
heat,  and  they  are  wrought  by  hammers,  rolls,  etc.,  the  ma- 
terial is  said  tobeforgeable,  rollable,  etc. 

12.  Sometimes  it  becomes  possible  to  soften  a  body  with- 
out application  of  heat,  by  adding  another  material  which 
permits  of  its  being  moulded,  and  after  this  transformation  re- 
moving the  added  material,  as  is  done  in  moulding  clay  and 
porcelain,  by  addition  of  water.  In  this  condition  the  ma- 
terial is  called  plastic. 
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Formability  and  plasticity  are  synonymous. 

13.  Some  materials  can  be  melted  by  heat;  they  are 
fusible.  When  the  melted  mass  can  be  cast  in  moulds,  and 
thus  given  new  shapes,  the  material  is  said  to  be  found- 
able . 

14.  In  the  third  group,  in  which  transformation  proceeds 
by  agglomeration,  special  properties  of  materials  are  called 
into  play  which  enable  two  separate  pieces  of  the  same  or  of 
a  different  kind  to  be  united  to  form  a  single  body.  These 
are  the  properties :  weldability,  solderability, 
pu  tty  abi  li  ty  .  * 

16.  Weld  abi  1  ity  permits  the  direct  junction  of  two 
surfaces  of  material  which  have  been  made  soft  and  plastic  by 
great  augmentation  of  temperatures  and  then  brought  into 
closest  contact  by  hammering  or  pressing,  and  thereby  united 
rigidly. 

16.  Soldering,  gluing,  puttying  are  done 
by  the  interposition  of  a  special  substance,  such  as  glue, 
solder,  putty,  between  the  surfaces  of  bodies,  which  possesses 
a  property  causing  it  to  adhere  rigidly  to  each  surface,  and 
which  upon  desiccation  possesses  enough  resistance  in  itself 
to  insure  the  coherence  of  both  bodies.  Bonding  stones  by 
means  of  mortar  may  be  placed  in  this  group. 


C  Physical  Properties. 

17.  In  addition  to  the  technological  properties  above 
considered  which  must  be  possessed  by  materials  suitable  for 
structuraj  detail  or  which  it  must  develop  during  conversion 
into  such,  there  is  a  series  of  properties  inherent  in  materials  in 
every  shape,  and  which,  in  addition  to  the  first  mentioned,  go 
to  make  up  their  physical  and  chemical  character.     These 

*  I  do  not  hesitate  to  use  these  words,  because  they  express  the  in- 
tended ideas  accurately,  and  are  etymologically  correct,  however  odd  they 
may  appear  to  some  critics. — G.  C.  Hg. 
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form   two  additional  groups,  the    physical  and  chem- 
ical properties,  to  be  distinguished. 

While  these  properties  of  course  do  not  concern  the  con- 
structor as  directly  as  the  above-considered  technological 
properties,  yet  he  must  at  times  know  their  degree  most 
accurately  if  he  desires  to  calculate  and  construct  reliably  and 
correctly. 

18.  In  the  first  place,  as  a  physical  property  of  materials, 
specific  gravity  and  density  must  be  considered. 
Hereafter  the  term  specific  gravity  shall  be  used  to  designate 
the  true  specific  gravity  of  the  material  itself,  which  must 
be  determined  from  pieces  free  from  inter- 
stices. 

The  idea  ''density'*  shall  be  interpreted  in  consonance 
with  the  practical  objects  of  this  work  and  common  usage  of  in- 
dustrial life.  The  terms,  **  the  casting  is  porous,"  *'  the  steel  is 
unsound,"  **the  ingot  is  honeycombed,'*  etc.,  etc.,  are  fre- 
quently met  with.  These  are  to  indicate  that  the  casting 
contains  voids,  the  steel  is  fissured,  the  ingot  is  piped  in 
center  because  of  shrinkage,  having  irregular  cavities,  with 
rough,  jagged  walls,  produced  by  "shrinkage,"  i.e.,  the  con- 
traction of  the  mass  during  cooling.  These  and  many  other 
terms  are  but  abbreviated  expressions  to  indicate  that  the 
apparent  external  volume  is  not  all  occupied  by  material 
without  voids.  In  the  following  a  body  filling  the  space 
occupied  by  it  without  voids  shall  be  called 
**  d  en  se  .** 

19,  From  this  it  follows  that  the  specific  gravity 
of  a  dense  body  is  equal  to  the  specific  gravity  of  the  material 
composing  it.  A  body  not  dense  (porous)  in  this  sense  has, 
therefore,  a  lesser  specific  gravity  than  that  composing  it. 

30.  The  letters  Sp.Gr.  shall  hereafter  denote  specific 
gravity  of  the  material,  while  **  W^'  shall  stand  for  the 
weight  of  the  unit  of  volume  of  the  material,  the  volumet- 
ric weight. 
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When  reference  is  had  to  a  liquid  or  to  a  heap  of  fine  material 
(grains,  powder)  which  does  not  occupy  a  definite  volume  of 
itself,  but  which  can  only  be  measured  by  cubic  measures  or  by 
weighing  its  mass,  the  volumetric  weight  refers  to  cubic  inch 
or  cubic  foot  (liter  or  cubic  meter),  and  these  shall  be  consid- 
ered the  standards.     In  Europe  this  is  called  Literweight. 

In  the  case  of  loose  materials,  the  method  of  filling  the  cubical 
measure  must  also  be  considered.  The  weight  of  a  cubic  foot  of  a 
powder,  e.g.  cement,  lime,  etc.,  varies  accordingly  as  the  powder  is 
filled  in  in  small  quantities,  run  in  as  a  whole,  is  sifted  in,  or  shaken 
down.  The  use  of  the  number  W  must  therefore,  at  the  same 
time,  refer  to  these  conditions  when  it  is  to  have  a  definite  mean- 
ing and  also  be  universally  understood.  I  therefore  introduced 
the  following  standard  notation  in  the  Charlottenburg  Testing 
Laboratory  :  * 

W —  J^  =  Litergewicht — Standard  Weight  (Literweight). 

Woi — I^r  =  Litergewicht  eingeruettelt  —  Standard   Weight  shaken 
down. 

Wf  —  -^/  =  Litergewicht    eingefuellt — Standard   Weight    filled  (in 
lots). 

JV,  —  -^.  =  Litergewicht  eingesiebt — Standard  Weight  sifted  in. 

Wp  —  -/?«  =  Litergewicht  eingelaufen — Standard  Weight  poured  in. 

Wa  =  Shaken  down  until  no  further  diminution  of  volume  occurs. 

Wf  =  Filled  by  spoon,  etc. 

W,  =  Carefully  sifted  under  definitely  stated  conditions. 

Wp  =  Poured  in  until  full,  under  precise  conditions. 

21.  The  relation  between  the  volumetric  weight 
and  specific  gravity — according  to  our  definition  in 
the  case  of  perfectly  solid  material,  its  degree  ofdensit  y — 

is  expressed  hy  d  =.  -p. — -pr-  =  i ;    in   the   case    of  defective, 

bp.vjf. 

porous,  fissured,  piped,  etc.,  material,  d  <i,    . 

It    is    common    practice    to    give    the    porosity    in- 
stead   of    the    degree    of    density;    this    is    represented    by 

*  This  notation  does  not  quite  answer  in  the  English  language,  and  I 
have  therefore  modified  it  to  suit  conditions.  However,  as  this  German 
notation  has  become  practically  universal  in  engineering  publications  in 
Germany,  Austria,  Russia,  Switzerland,  Denmark,  and  Sweden,  I  give  it 
in  full,  with  the  German  names.     No  misunderstanding  can  thus  arise. 

u  C.  Hg. 
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Sp.Gr.  —  ^ — ^ ,  and    is    not   so    readily   calculated,   and   is 

moreover  given  by  J.  Where,  hereafter,  the  degree  of 
porosity  or  degree  of  lack  of  density  is  exception- 
ally to  be  given,  it  will  be  expressed  by  i  —  ^. 

22.  A  body  of  degree  of  density  =  i  in  the  sense  as  here 
used,  or  which  fills  the  volume  occupied  voidless,  need  by  no 
means  be  homogeneous  throughout ;  it  may  be  a  voidless  con- 
glomeration of  particles  which  are  in  themselves  similar  or 
dissimilar,  forming  units  in  a  certain  manner,  joined  directly 
or  by  the  intermediary  of  bonding  members,  without  voids. 
This  internal  structural  arrangement  of  bodies  of  individual, 
similar  or  dissimilar  particles  (as  a  rule  of  different  Sp.Gr.)  is 
very  frequently  met  with  in  our  materials;  it  is  to  a  large 
degree  responsible  for  their  character  and  value.  It  is  the 
intern al  structure,  which  also  determines  essentially 
the  character  of  surfaces  of  rupture,  the  structure  of  frac- 
tures. 

23.  According  to  the  internal  arrangement,  the  struc- 
ture, materials  can  be  distinguished  as  those  with  or  with- 
out structure,    structural  or  structureless. 

Among  the  first  are  classed  gaseous,  liquid,  and  some 
solid  bodies,  such  as  glass,  pitch,  etc.  Glass  is  characteristic 
of  structureless  materials,  so  that  they  are  commonly  called 
vitreous. 

Most  materials  show  a  definite  structure  when  in  the  con- 
dition in  which  they  are  used  in  industries,  which  is  com- 
monly specially  designated  by  technical  terms,  according  to 
the  special  appearance  of  ruptured  or  separated  surfaces,  as 
granular,  fibrous,  fibriform,  lamellar,  crystalline,  reticular, 
cellular,  etc.,  etc.  Latterly  distinctions  are  made  as  to  v  i  s  u  a  1 
and  micro-structure,  the  first  relating  to  structure 
plainly  observable  by  the  naked  eye,  while  the  latter  is  that 
which  can  be  identified  only  by  the  microscope. 

Those  materials  are  fibrous  which  are  composed  of 
fibres,  such  as  some  minerals  (asbestos),  wood,  etc. 
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[This  term  is  also  applied  in  England  and  the  United  States 
to  rolled  iron,  although  its  use  in  this  connection  is  quite  in- 
correct and  inappropriate :  iron  is  not  composed  of,  nor  does 
it  break  up  into,  fibres;  it  should  be  called  **  fibriform," 
and  this  term  will  hereafter  be  used. — G.  C.  Hg.] 

Fibriform  (sinewy)  correctly  describes  wrought  iron 
which  has  been  rolled  in  one  direction ;  its  fracture  presents 
an  appearance  like  that  of  fibres ;  mica  is  lamellar  ;  also 
thin  sheets  of  rolled  wrought  iron,  etc.  All  the  structure 
forms  have  the  parallel  arrangement  of  the  particles  in  com- 
mon ;  in  the  case  of  the  fibrous  and  fibriform  bodies  the  parti- 
cles are  filiform,  while  in  those  which  are  lamellar  they  are 
as  superposed  plates.  According  to  the  degree  they  are 
called  coarsely  or  finely,  long  or  short  fibrous,  fibriform,  or 
lamellar. 

A  crystalline,  reticular,  cellular  structure  is  found  in  many 
kinds  of  stone  and  in  some  metals  used  in  construction. 
When  the  crystalline  structure  is  more  or  less  regularly  de- 
veloped so  that  certain  surfaces  or  directions  are  predominant 
in  fracture  surfaces,  additional  special  terms  are  used  to 
designate  them,  e.g.,  specular  (block  tin),  filiform,  needle- 
shaped,  columnar,  lamellar- crystalline,  etc.,  etc. 

When  the  surfaces  are  irregular,  more  or  less  uneven,  and 
appear  irregularly  arranged,  the  structure  is  defined  as 
granular,  and  distinction  is  made  between  fine-  and 
coarse-grained.  Very  finely  granular  or  very  finely 
fibriform  structure  frequently  assumes  a  perfectly  smooth 
glossy  appearance  like  satin,  and  is  then  characterized  accord- 
ingly. 

Cellular  arrangement  is  particularly  found  in  metals  and 
alloys,  such  as  iron  and  steel,  when  different  components,  or 
sub-alloys,  separate  from  the  rest  of  the  mass,  or  in  a  certain 
manner  form  envelopes  about  individual  particles,  such  as 
graphite  in  pig  iron. 

34.  Fibrous,  fiibriform,  lamellar,  and  even  crystalline  ma- 
terials frequently  develop  the  property  by  which  they  become 
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more  readily  separable  in  certain  directions  than  in  others ; 
they  possess  the  property  of  (**cleavage*')  splittings 
to  a  more  or  less  pronounced  degree,  as  wood,  stone,  etc. 

26.  A  property  of  solid  materials,  which  is  of  exceedingly 
great  importance  to  the  technologist  and  for  the  further  eluci- 
dations in  this  work,  and  which  is  also  possessed  by  liquids, 
is  that  by  which  they  change  theirvolume  by  only 
an  infinitely  small  amount  when  subjected 
to  external  universal  pressure,  provided 
they  have  a  degree  of  density  =  I,  i.e.,  when 
they  are  free  from  internal  voids;  under  these  conditions 
they  do  not  undergo  a  change  of  shape,  so  long  as  their  inter- 
nal structure  does  not  provide  resistances  different  in  dif- 
ferent directions.  This  important  property  makes  possible, 
e.g.,  the  phenomenon  that  even  very  elastic  bodies  such  as 
rubber  behave  as  though  inelastic  when  they  are  surrounded 
by  rigid  surfaces,  or  are  acted  upon  on  all  sides  by  forces 
tending  to  change  their  shape. 

When  water  comes  in  contact  with  highly  compressed  air 
in  a  compressor,  it  absorbs  the  air,  and  the  compressor  thus 
loses  its  effectiveness,  after  all  the  air  has  been  absorbed  and 
entirely  replaced  by  water.  It  is  customary  to  minimize  this 
action  by  pouring  a  layer  of  oil  on  the  water  under  certain 
conditions ;  but  this  succeeds  only  when  violent  agitation  of 
the  water  is  prevented.  But  if  it  were  attempted  to  use 
rubber  as  a  substitute  for  the  elasticity  of  the  air,  the  success 
would  be  equal  to  zero.  The  rubber,  under  the  effect  of 
universal  pressure,  would  suffer  only  insignificant  change  of 
volume  and  an  inelastic  shock,  equal  to  that  when  the  com- 
pressor is  filled  with  water,  would  occur.  For  this  reason  it 
is  more  advantageous  to  use  rubber  bags  filled  with  air ;  these 
can  be  used  under  very  heavy  pressures,  and  in  long-con- 
tinued service,  without  deterioration  of  the  rubber.  Rubber 
buffers  must,  for  the  same  reasons,  be  held  in  chambers  with 
ample  clearance ;  otherwise  they  will  lose  their  effectiveness 
totally.        In     short,     the     fact     is     established 
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that  the  elastic  properties  of  bodies  can 
only  be  utilized  when  they  are  subjected 
to  forces  in  such  mariner  that  there  is  free- 
dom of  change  of  shape  in  at  least  one  di- 
rection. In  order  to  illustrate  this  proposition  and  to  in- 
troduce students  to  the  science  of  testing  materials,  I  have 
the  custom  of  making  the  following  rough  test  on  the  lOO  t. 
Pohlmeyer  machine  during  their  first  hour  of  practical  work. 

Table  1.    Preunre  Test  of  Rnbber  Cube. 

The  machine  was  rapped  before  each  reading. 


(a)  Body  loaded  anconitrained. 


_ 

0 

0-3S 

_ 

0.00 

0.35 

as 

45 

o.as 

o-So  , 

3S 

0.1s 

0-75 

■   40 

0.35 

-0.35 

0.75 

-  30 

70 

-o.as 

0.50 

40 

-0.35 

30 

o.aS 

-o.as 

(i)   Body  enclosed  on 

wo  sides. 

Fig.  .. 

4.50 

30 

30 

5-75 

0.35 

o.as 

70 

3  00 

0.35 

o.So 

135 

335 

3-a5 

0.3S 

0.75 

39s 

3-50 

0.35 

-36s 

130 

3.25 

-O.J5 

0,7s 

-  75 

55 

3-00 

-0.35 

O.SO 

-  30 

-  5 

(a- SO)' 

(-0,3S) 

(0  Body  enclosed  o 


—  o  2.50  —  o 

430  430  3.65  o.ij  o 


A  rubber  cube  of  about  2.36  in.  (6  cm.)  length  of  side  is 
loaded  at  first  between  two  plane  pressure-plates,  then  placed 
in  a  cast-iron  frame  with  two  sides  bearing  against  it,  as  at  a, 
Fig.  I,  and  finally  further  constrained  by  two  cheek-pieces  />l>, 
so  that  it  is  enclosed  on  all  four  sides.     The  forces  and  def- 
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ormations  produced  are  measured  and  recorded  as  in  Table 
I.  During  the  test  the  predetermined  depressions  of  piston 
are  read  off  on  the  attached  scale  and  the  loads  at  these  in- 
stants are  noted.  The  weighing-machine  is  intentionally 
caused  to  work  with  considerable  friction  during  this  first  test, 
and  hence  does  not  indicate  any  load,  even  for  very  consider- 
able deformations,  in  order  that  students  at  once  learn  to  pay 
attention  to  errors  which  may  exist  in  the  testing-machines 
and  apparatus,  and  must  guard  themselves  against  errors  of 
observation.  Then  the  actual  test  is  undertaken,  while  the 
machine  is  rapped  by  a  wooden  mallet  of  such  capacity  that 
the  impact  and  vibration  almost  entirely  overcome  the  fric- 
tional  resistances,  and  it  is  shown  to  be  possible  to  obtain 
useful  results  even  with  an  apparatus  relatively  crude. 

26.  Aside  from  the  effects  just  described  of  the  impossi- 
bility of  material  change  of  density  in  a  body  of  density  =  i, 
this  property  comes  into  play  in  working  materials  by 
hammering,  forging,  rolling,  drawing,  minting,  etc.  In  all 
of  these  processes  lateral  pressure  is  exerted  on  the  body  to 
be  transformed  and  it  is  allowed  to  flow  in  one  or  two  direc- 
tions ;  it  assumes  new  shapes  without  material 
change  of  density.  This  property  of  materials  will 
again  be  discussed  further  on  when  considering  the  detail  of 
methods  of  test,  to  explain  a  number  of  phenomena  occurring 
thereunder. 

In  order  to  furnish  an  example,  lead  bodies  are  cast,  during 
the  hours  for  laboratory  work,  in  heated  moulds  open  at  the 
top,  which  are  allowed  to  cool  slowly  and  solidify  as  dense  as 
possible ;  these  are  then  subjected  to  the  compression  test, 
once  unconstrained  and  again  completely  enclosed  in  dies 
as  in  the  minting-press.  The  specific  gravities  are  deter- 
mined before  and  after  test.  The  following  results  have  thus 
been  obtained,  which  are  supplemented  by  those  obtained  by 
Kick  and  Barb  a   (Z,  joOj  p.  81;    L  loi  u.  102^  Vol.  III). 

The  apparatus  for  universal  compression  is  arranged  as 
shown  in  Fig.  2;   it  has  also- been  used  for  tests  for  brittle 
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substances  under  universal  pressure.     The  apparatus  is  rein- 
forced by  a  jacket  pressed  on  as  in  gun  construction. 

Table  2.     Pressure-tests  of  Lead  Bodies. 

Before  and  after  each  test,  specific  gravittea  Sp.  Gr.|  and  Sp.  Gr.f  were  determined.  The 
bodies  were  tested  when  unconstrained  between  plane  surfaces  and  when  completely  en- 
closed (PiflT.  a). 


Shape  of  Test-piece. 


Section. 


Circle.. 
Square 
Circle. . 


X.  Circle 

3  and  4.  Circle. 
5  and  6.       **     . 


a. 

1.18 
a.  36 
Z.18 
1.18 
1. 18 
1. 18 


S 


Final 


S2i 


.S  v  % 

M 


k>dies  crushed  without 
restraint. 

X.096      i.a93|6o440  o.84 

5.534  130.660  16080  0.69 

1-393  43  <^  0.83 

1.S87  48680  0.85 

x.a93  ai33o  0.65 

1.993  S8440  0.64 


1.096 
1.088 
1.096 
Z.096 


6,  Bodies  universally  constrained 

0.06 


1. 18 
1.18 
X.18 


1.096 
1.096 
X.096 


0.03 


Specific  Gravity. 


Ho 

V    • 

V 

09 


X.X045 


1354 
«347 
«053 
1050 


Ho, 


1.X047 


z . 1048 

i.>343 
1 .  1052 


1.1364 
Z.X360 
Z.X057 
I. 1053 


Z.X040 
Z.Z358 
1 . Z059 


0.0003 


O.OOIO 

0.00Z3 
0.0004 
0.000 


o. 

O.OOI 

0.0007 


5^8 


.5178 


.5a6a 

•5a63 
.5158 
.5"59 


.5169 
.5276 

.5158 


u 

■5 

o  » 

it 

a 

9 

"o 

> 


1.1073 


1.1257 

«-»3i3 
1.1028 
1.1031 


I. 1059 
x.ia87 
X . X031 


I 


o 


x.ooa 


0.99X 
0.997 
0.998 
0.998 


x.ooz 

0.994 
0.998 


'27.  Bodies  containing  pores  (voids)  behave  dif- 
ferently from  those  having  a  density  =  I.  These  can  be 
compressed  by  universal,  and  also  sometimes  by  uni-direc* 
tional  pressure,  the  compression  being  perhaps  temporary 
when  the  material  is  of  itself  of  an  elastic  nature,  or  perma- 
nent when  but  slightly  elastic,  or  so  resistant  that  the  pres- 
sure of  the  occluded  gaseous  materials  cannot  rehabilitate  the 
original  shape,  or  when  they  might  have  escaped  during  test. 
Such  porous  elastic  bodies  can  then  be  used  as  springs  or 
buffers  when  they  are  completely  encased.  The  material  of 
which  they  are  composed  is  in  that  case,  however,  not  ma- 
terially the  cause  of  the  developed  elasticity.  The  essential 
part  is  the  gaseous  component. 

The  effect  of  the  occluded  air  or  gases  on  the  material 
containing  them  is  not  exhausted  by  the  phenomena  of 
change  of  density  under  pressure.  I  merely  desire  to  indi- 
cate   that    substances    like    modelling    clay,    gutta-percha, 
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kneaded  bread,  glaziers*  putty,  etc.,  which  are  very  plastic 
under  pressure  slowly  applied,  may  appear  quite  elastic  under 
the  effect  of  impact,  and  may  resist  an  attempted  rapid 
change  of  shape  {L  100).  Bread-dough  may  be  given  any 
shape  by  kneading,  but  the  shape  produced  can  hardly  be 
changed  by  dropping  it  onto  a  hard  base.  These  substances 
contain  air,  which  fact  can  be  readily  verified  by  an  air-pump 
acting  on  the  material  immersed  in  oil. 

In  order  to  demonstrate  the  degree  of  compressibility,  differ- 
ent kinds  of  wood  are  tested  in  the  apparatus  shown  in  Fig.  2, 
the  cellular  structure  of  which  is  shown  by  microscopic  sections, 
during  the  laboratory  work  of  students.  These  tests  are  instructive 
and  show  that  nearly  the  same  volumetric  weight  may  be  obtained 
in  wood,  which  is  nearly  the  specific  gravity  of 
cellulose  ;  i.e.,  the  body  of  density  d  <  1  may  be  compressed 
nearly  to  a  density  of  d  =  i.  The  porosity  of  wood  can  be  deter- 
mined by  the  compression  test ;  it  appears  that  this  is  quite  definite 
for  each  variety  of  wood,  if  we  may  judge  from  the  tests  made. 
These  results  are  given  in  Table  3. 

38.  Among  the  physical  properties  may  be  counted  the 
resistance  offered  by  bodies  to  penetration  or  indentation  by 
a  foreign  body,  its  hardness.  Attention  has  been  previ- 
ously called  to  this  (5),  and  as  its  determination  is  more  fully 
discussed  later  on  (j-^/,  etc.)  its  enumeration  must  here 
suffice. 

39.  Besides  the  physical  properties  thus  described  in  de- 
tail, the  behavior  of  substances  during  heating  and 
cooling  must  be  considered,  i.e. ,  the  capability  of 
change  of  volume  during  thermic  changes,  the  con- 
ductivity, radiation,  absorption  of  heat, 
or  specific  heat,  the  melting-point,  boiling- 
point,  evaporation-point,  the  point  of  con- 
gelation, etc. ,  etc.  Every  good  schoolbook  on  Physics 
treats  of  these  properties,  and  it  would  lead  us  too  far  to  take 
up  these  matters  here  {L  loj  and  104).  The  same  is  true  of 
electric  and  magnetic  properties,  electric 
and  magnetic  resistances,  conductivity,  ca- 
pacity, etc.,  etc. 
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Table  8.    Compressloii-tests  of  Wood. 

The  bodies  were  treated  under  universal  constraint  as  in  Fig.  a;  </  =  i.t8"  (=  3.0  cm); 
/=  1.18"  (=  3.0cm);  diameter  of  holeyi  =  1.189"  (=  3*0x5  cm);  diam.  punch  sz  x.187''  (= 
3.0a  cm);  area  of  hole  5|  =  x.ix  sq.  in.  (=  7.16  sq.  cm).  All  bodies  were  subjected  to  a  max. 
load  =  59i7oo  Ibt.  per  square  inch  (s  4200  kg  cm). 


Kind  of  Wood. 

Crush- 
li^it 

pounds 

per 
sq.  in. 

After  Test. 

Weight 

in 

lbs. 

Volumetric     1 
Weights       1 

De. 

Length 
inches. 

Volume 

V 

in 
cub.  in. 

before      after  |BSIi?y 

Wv 

Wvx 

a. 

Pine:  i 

7878 

8lll 

(10880)* 

763a 

7906 

0.4370 
0.3976 
0.4646 
0.4646 

0.3779 
0.40x6 

0.4849 
0.4404 
0.5x48 

o.5«54 
0.4190 

0-4453 

0.0237 
0.0228 
0.0251 
0.025a 
o.oaax 
o.osas 

0.509 
491 
537 
542 
485 
479 

X.36 
44 

46 
38 

0.37 
34 
40 
40 
33 
35 

9 , ,, 

^.... ......  ....■■••.... 

J.. ........  ....•*....•. 

^,,, 

9. .......  ■...•.•...•... 

<....  .. 

I.::.;;.  ::::::.::::::: 

Mean      

8091 

— 

— 

— 

0.507 

1.392 

0.365 

b. 

Oak:  X 

a 

3 

A......   ................. 

6243 
7864 

9044 

0.4291 
0.4606 

0.5471 
0.5590 

0.5630 

0.5431 

0.4758 
0.5x18 
0.6070 
0.6x90 
0.622X 
0.6088 

0.0257 
0.0254 
0.03x6 
0.07x5 

0.0317 
0.0330 

0.554 

68^ 
710 

X.50 
38 
44 
41 
4« 
51 

0.37 
40 
46 

48 
47 

K 

6 

Mean   

7651 

— 

— 

— 

0.638 

1.44a 

0.404 

c. 

Red  beech:  2  

a a. 

7693 
7338 
7992 

86S8 
8006 
7990 

o.5»97 
0.4764 
0.5x58 
0.51x8 
0.5x97 
0.5000 

0.5288 
0.57x6 
0.5691 

o.575» 
0.5550 

0.0299 

0.0297 
0.030a 
o.oa94 
0  0300 
0.0303 

0.637 

639 

649 

632 

64s 
652 

46 
43 
44 

CI 

0.44 
4« 
44 
44 
45 
43 

A....... •• 

5 

6 

Mean 

i     ,        ..-     , 

7935 

— 

— 

— 

0.64a 

■•473 

0.433 

d. 

M^hoffTiny :  i 

1x230 
13080 
T0760 
xoa8o 
9386 
9954 

0.5433 
o.555» 
0.5943 
0.5375 
0.5709 
0.5866 

0.60x4 
0.6160 
0.6588 
0.5856 
0.6344 
0.65x4 

0.03x9 
0.03x5 
0.0325 
0.0328 
0.03x5 
0.0322 

0.686 
688 
703 

677 
688 

1.47 

J? 

53 
37 
37 

O.A7 

2 

\ 

47 

% 

49 
50 

9'  •  ' .••..... 

A    ................ 

5 •.. 

6 

Mean , 

io78o 

— 

— 

— 

0.691 

1.433 

0.485 

g. 

Ash:  X 

8035 

9650 

loaxo 

10520 

xxa9o 

0.5787 
0.5236 

0.5748 
0.5866 

0.5945 

0.6X03 

0.5795 
0.6344 

0.6527 

0  6^88 

0.0328 
0.032Z 
0.0348 
0.0356 

0.704 
703 

76a 
745 
75a 

X.42 
57 
5" 

43 

0.50 
45 

49 
50 

51 
53 

6 

0.6771             0.0350 

Mean 

looao 

— 

—                             — 

0.735 

1.501 

D.497 

*  Loaded  too  rapidly;  hence  resistance  excessive. 
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Books  on  Physics  and  Electrotechnics  should  be  consulted 
for  a  knowledge  of  these. 

D.   Chemical  Properties. 

30«  Chemical  properties  of  materials  of  con- 
struction are  those  which  are  determined  mainly  by  the 
chemical  composition  and  which  are  changed  as  soon  as  the 
chemical  condition  changes.  We  are  therefore  not  really 
concerned  with  properties  the  study  of  which  lies  exclusively 
in  the  domain  of  the  chemist,  but  predominantly  with  those 
which  concern  the  constructor  as  deeply  as  the  chemist. 
Further  on  this  special  field  will  be  treated  by  itself,  i.e.,  the 
dependence  of  the  technological  properties  of  materials  in 
particular,  e.g.  of  metals,  upon  their  chemical  composition. 
But  as  we  cannot  examine  into  this  and  other  fields  before  we 
have  taken  a  general  survey  of  the  requirements  which  are  de- 
manded of  the  possibilities  of  a  material,  especially  before  the 
knowledge  of  the  determination  of  the  properties  in  particular 
has  been  developed,  we  shall  merely  touch  upon  this  subject 
here,  and  will  treat  it  more  fully  in  the  proper  place. 

All  of  the  enumerated  properties  are  materially  influenced 
by  the  chemical  composition;  but  it  must  be  here 
pointed  out  that  the  chemical  composition  primarily  deter- 
mines the  behavior  of  materials  under  chemical  influences;  e.g., 
their  resistance  to  acids,  alkalies,  moisture, 
air,  steam,   etc. 

The  external  appearance  as  well,  color, 
sheen,  degree  of  polish,  permanence  of 
polish,  etc.,  and  other  properties  are  ultimately  depend- 
ent upon  chemical  composition. 


II.  Testing  Materials. 

31.  As  the  previous  division  is  devoted  to  an  enumera- 
tion of  the  properties  of  materials  which  concern  the  con- 
structor, it  now  becomes  necessary  to  establish  a  representa- 
tion or  a  measure  of  degree  of  perfection  of  these  properties 
possessed  by  the  different  materials.  This  problem  is  the 
most  important  subject  of  this  volume. 

Properties  of  materials  can  be  modified  or  affected  by 
manifold  circumstances.  Slight  changes  in  chemical  compo- 
sition of  an  alloy  frequently  have  an  important  influence  on 
the  behavior  of  the  structural  part  made  therefrom,  and 
may  increase  or  decrease  its  value  materially.  The  method 
of  production  of  materials  influences  their  mechanical  be- 
havior in  structures.  In  addition  there  is  the  effect  of 
mechanical  manipulation  during  fabrication,  which  becomes 
important  in  iron.  Rapid  cooling,  heating,  hammering,  cold- 
rolling,  etc.,  materially  affect  the  properties  of  most  metals. 
It  is  of  the  greatest  importance  to  follow  by  measurements 
the  degree  of  quality  changes,  to  furnish  the  constructor  with 
constants  for  his  calculations,  and  to  establi<;h  the  knowledge 
of  value  of  materials.  This  is  done  by  measuring  and  com- 
paring the  most  important  properties  of  materials,  and  that 
part  of  the  knowledge  of  materials  which  relates  principally 
to  this  subject  is  called  the  study  of  Testing  Ma- 
te rial  s. 

The  discussion  of  Testing  Materials  can  be  appropriately 
divided  into  several  groups,  and  the  divisions  adopted  in  the 

21 
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consideration  of  the  properties  may  be  most  conveniently 
retained.  But  for  reasons  previously  stated  other  properties 
can  here  be  touched  upon  but  superficially,  and  it  ^vill  be 
advisable  to  consider  the  measurement  and  comparison  of 
mechanical  and  technological  properties  not  as  strictly 
separated  from  each  other.  This  is  not  really  necessary,  as 
it  has  been  previously  shown  that  the  line  of  demarcation 
between  the  two  groups  cannot  be  definitely  drawn. 


A.  Resistance  of  Materials. 

33.  The  characteristic  property  of  solid  bodies,  as  has 
been  shown,  is  their  resistance  to  change  of  shape.  The 
deformation  is  produced  by  external  forces  acting  upon  the 
body,  loading  it.  The  methods  of  loading  by  external 
forces,  and  the  number  of  kinds  of  stress  *  to  which  it  may 
be  subjected  simultaneously,  may  be  manifold.  The  forces 
may  tend  to  rupture,  to  crush,  to  bend,  to  twist,  to  shear,  to 
buckle,  etc. ;  and  just  as  many  kinds  of  resistance  against 
deformation  are  called  into  play,  which  are  designated 
'*  stress**  and  named  accordingly.  We  therefore  recognize 
tensile,  crushing,  flexional,  torsional,  shearing,  thrusting 
resistance,  or  stress. 

In  the  study  of  strength  of  materials  all  these  various 
kinds  of  resistances  to  deformation,  and  the  theoretical  enun- 
ciation of  laws  of  deformation,  are  derived  from  a  few  funda- 
mental properties  of  materials.  These  fundamentals  consid- 
ered as  established,  it  will  suffice  to  determine  and  consider 
here  only  those  ideas  which  are  of  importance  for  a  knowl- 
edge of  methods  of  testing. 

In  doing  this  we  must  call  attention  to  a  difference  of 


*  Tbe  term  *' stress*'  throughout  this  work  shall  be  used  in  the  sense 
of  Rankine's  definition,  as  that  force  transmitted  to  each  unit  of  sec- 
tion of  the  material  loaded.  Hence  "  stress  "  will  always  mean  '*  load  per 
sq.  in."  — G.  C.  Hg. 


I 
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method  of  treatment  employed  by  us  and  that  used  by 
mathematicians  in  the  development  of  the  science  of  resist- 
ance of  materials.  The  mathematical  study  of  resistance  of 
materials  treats  mainly  the  elastic  deformations  of  bodies, 
while  here  particular  attention  must  be  devoted  to  the  occur- 
rences technologically  important  during  permanent  deforma- 
tion. 

A.    Tensile  and  Crnshing  Resistance. 

1.    Definitions. 

Tensile  Resistance. 

33.  Considering  two  equal  forces  P,  Fig.  3,  to  act  on  a 
very  long  prismatic  body  in  the  direction  of  its  longitudinal 
axis,  we  may  assume  that  the  forces  are  equally  distributed 
over  the  sections  aa  and  bb  whose  area  is  equal  to  a.  The 
force  sustained  or  transmitted  by  the  unit  of  area,  the  specific 
force  or  the  load,  will  in  future  be  designated  by  p ;   hence 

This  load  is  resisted  by  forces  generated  within  the  body, 
and  equal  but  opposed  to  it.  This  resistance  will  be  desig- 
nated by  s  and  is  called  stress  ;   therefore 

J  =  ^  =  P/rt  as  above (i) 

Stress  is  habitually  stated  in  the  United  States  in  lbs.  per 
sq.  in. ;  in  Great  Britain  in  tons  per  sq.  in. ;  and  in  all  other 
countries  as  kilograms  per  sq.  cm.  or  per  sq.  mm.  In  the  fol- 
lowing lbs.  per  sq.  in.  will  be  given,  while  French  measures 
will  be  frequently  added.  As  i  kilo  per  sq.  cm.  is  practically 
equal  to  pressure  of  I  atmosphere,  this  expression,  repre- 
sented by  at,y  will  frequently  be  used.* — G.  C.  Hg. 

*  As  this  book  win  be  pu>blished  in  the  United  States,  where  the  metric 
system  is  unfortunately  not  in  common  use,  among  a  population  of  about 
75  millions,  the  American  standard  will  be  used.  It  is  not  possible  to  use 
the  English  standard  of  tons,  and  it  is  a  misfortune  that  the  metric  system 
cannot  be  used  as  is  the  case  in  the  original. — G.  C.  Hg. 
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34,  Under  effect  of  stress  the  body  elongates,  at  the  same 
time  reducing  its  cross-section.  The  length  /^ becomes/^,  and 
the  extension  between  sections  aa  and  di  equals 

The  extension  of  the  unit  of  length  shall  as  a  rule  be  called 
elongation  and  be  designated  by  e^ ;  therefore 


It  IS,  however,  common  practice  to  state  elongation  in  per 
cent  of  gauge  length,  and  this  shall  in  future  be  indicated  as 
follows : 

^  =  ^,  100  =  J  100  =  ^  7 I )  100.    ...     3 

The  factor  of  elongation*  is  that  elongation  which 
the  body  shows  under  the  unit  stress;  it  is  therefore 

^j        ^      I         e      a 
^f^S^l/'S'^T/P ^ 

Elongation  may  therefore  be  written  as  the  product  of 
stress  and  factor  of  elongation  : 

^,  =  ^y.  5 

and  the  extension  of  a  bar  of  length  l^ : 

and   the  stress  in  the  bar  may  be  found    from  the    fraction, 
elongation  divided  by  factor  of  elongation,  i.e., 

'i 

*  Consid^re  employs  the  expression  €  in  common  use  in  France  as  ex- 
tension in  m/m,Sy  and  e,f{L,  105,  /.  10)  ; 

he  gives  for  iron  ef  =  0.000048  to  0.000052.  and 
for  steel  ef  =  0.000044  to  0.00004S. 
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The  expression  —  =  -  =  E  is  generally  called  the  M  o  d  u- 

lus  or  Coefficient  of  Elasticity. 

36,  While  the  body  is  extending  'under  the  eflfect  of 
stress,  it  is  at  the  same  time  undergoing  a  diminution  of  cross 
sectional  dimensions ;  the  original  cross-section  changes  from 
a  to  ^j,  which  is  smaller.  The  body  undergoes  areduction 
of  area  or  contraction,  which  may  be  expressed  by 

c^  =  —   or  in  ^  of  original  section  : 


^=100(1 -J) 6 


36.  In  order  to  calculate  the  stress  5  with  a'jsolute 
accuracy  it  would  be  necessary  to  refer  it  momentarily  to  the 
new  cross-sectional  area  due  to  effect  of  P\  still  it  is  habitual 
to  refer  it  to  original  sections.  This  is  done  as  a  matter  of 
convenience  and  is  permissible,  because  deformations  in 
structures  are  always  so  small  that  diminutions  of  section  are 
hardly  noticeable,  and  on  the  other  hand  calculation  would  be- 
come unnecessarily  complex  if  we  attempted  to  carry  it  out. 

It  has  been  repeatedly  proposed  to  calculate  ultimate  re- 
sistance with  the  fractured  section  as  a  basis,  but  this  proposi- 
tion has  not  as  yet  met  with  any  degree  of  success.*  The 
usual  method  shall  therefore  not  be  departed  from  except  in 
exceptional  cases. 

When  elongations  e^  of  the  bar  under  various  stresses  S  are 
known,  it  is  possible  in  case  of  a  material  of  density  =  i  to  calculate 
stress  S^  referred  to  sections  a^  from  S  and  e^  under  the  assumption 
that   the  bar  under  consideration  changes  its  volume  v  to  an  unim- 

*  [I  think  this  proposition  is  totally  wrong,  because  the  load  at  instant 
of  rupture,  :n  case  of  ductile  materials.  Is  mainly  dependent  upon  time 
and  upon  the  apparatus  used.  The  fractured  section  is  furthermore  fre- 
quently so  indefinite  and  dependent  upon  local  conditions  that  its  use  as 
a  basil  for  calculations  is  hardly  admissible. ~G.  C.  Hg.] 
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portant   extent  during  deformation.     Under   this  assumption,  for 
the  section  of  bar  of  length  Ig, 

is  J  ^  v^  {Ig.  +  e,)a, ; 
therefore  for  the  unit  of  length 

a,  =  a(i  +  €^ 
and  as  S.  =  S — , 

As  ^„  to  be  shown  further  on  (Chap.  VII),  stands  for  the  average 
elongation  of  gauge  length  /^  it  i^.  more  accurate  to  say  that  stress 
J,  must  be  referred  to  a  m  ea  n  cross-section  of  the  strained  *  body. 
When  it  is  desired  to  refer  it  to  the  smallest  section  this  cannot  be 
done,  but  by  making  direct  measurements  of  reduced  cross-sections 
when  the  ^  of  reduction  ^^  is  determined  from  one  test,  equation  6 
gives 


C%  =  100(1  -  J) 

a.=a\i ), 


a 

and  as  S.=^  S~, 

a. 


S,= 


x-^^- 


ICX) 


Knowing  the  reduction  of  section  r|<,  we  can  easily  calculate  the 
relative  extension  ^  referred  to  the  minimum  section  a^,  as  follows  : 

As  C%.a  =  a{i  -{-eX 

O^             (         a/(i  +  ey\                      100 
J  =  icxdIi ^-^ — —^■]  =100 

100 

e  = I. 

100  —  c 

Fig.  4  is  a  diagram  of  relative  values  of  r^,  £^cy  and  ^^ 

*  The  word  "strain"  is  used  as  in  Rankine,  and  shall  invariably  ap* 
ply  to  change  of  length  due  to  forces  applied. — G.  C.  Hg. 
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In  addition  we  must  consider  the  relation  between  stress 
and  strain  existing  in  a  long  prismatic  body  under  increasing 
loads,  carried  to  the  maximum  resistance  and  ultimate  failure. 

37.  Experience  teaches  that  in  many  materials  of  con- 
struction the  property  of  approximate  proportionality  between 
stress  and  strain  is  constant  up  to  a  certain  degree  of  the 
former,  or  that  strain  is  proportional  to  stress : 


Cf  =  ^JS  =  constant ;  hence  ) 
ef=-  vf  =  constant ;  !••••/ 


The  proportion  between  increment  of  strain  and  of 
iJicrement  of  stress  is  constant. 

When  stress  5  is  further  increased,  the  fictor  of  elongation 
(strain)  is  changed ;  it  increases  in  most  materials.  That 
stress,  at  which  the  strain  ceases  to  increase  proportionately 
to  it,  is  called  the  proportional  limit;  it  will  hereafter 
be  invariably  indicated  by  adding  the  suffix  Pto  the  symbols 
S,  ey  e^y  ^^,  etc.,  which  will  read  :  5^  ep^  e^p  e^p,  etc. 

Materials  in  which  ^y  is  variable  for  all  loads,  such  as  cast 
iron,  magnesium,  etc,  have  no  proportional  limit,  or,  for  short, 
lack  the  P-limit. 

It  is  to  be  regretted  that  there  is  no  short  name  for  this  point.  It 
must  further  be  remembered  that  this  limit,  in  common  with  all  other 
similar  points,  cannot  designate  a  well-defined  instant,  because 
changes  of  condition  of  material  are  constant  during  tests.  Moreover, 
our  present  means  of  investigation  do  not  permit  us  to  decide  whether 
strict  proportionality  exists  or  not,  and  although  I  am  inclined  to 
deny  it,  I  do  not  wish  to  discard  the  present  general  belief.  There- 
fore it  must  not  be  overlooked  that  the  F-Wmxi  is  a  conventionality, 
and  that  its  location  always  depends  upon  the  delicacy  of  the  ap- 
paratus, as  shall  be  shown  hereafter,  and  also  upon  the  habits  and 
views  of  the  observer. 

38.  For  our  further  examination  we  shall  assume  a  mate- 
rial,  such  as  iron,  which  has  a  definite  P-limit.  The  occurrences 
may  be  shown  by  a  d  i  a  g  r  a  m,  in  which  stresses  5  are  laid  off 
as  ordinates  and  strains  as  abscissae,  as  shown  in  Fig.  5.  Pro- 
portionality   obtains   up   to   the   point   P,     The   line    OP  is 
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Straight,  changing  with  gradual  curvature  from  Pto  K  From 
V  the  extensions  e^  increase  much  more  rapidly  than  stress  S 
(sometimes  suddenly) ;  the  bar  y  i  e  1  d  s  or  fl  o  w  s.  P  is  the 
proportional  limit,  and  F"  is  called  the  yield-point.  The 
yield-point  is  that  stress  at  which,  under  uni- 
form increment  of  loads,  the  extensions  in- 
crease rapidly.  Up  to  this  point  the  extensions  were 
relatively  minute,  so  that  they  are  recorded  on  a  very  much 
magnified  scale,  to  define  them  clearly  in  Fig.  5. 

It  is  readily  noticeable,  and  daily  experience  teaches,  that  the  K- 
point,  as  also  the  /*-limit,  are  well-defined  points.  There  are 
numerous  methods  in  common  use  to  determine  their  position,  and 
these,  as  will  be  shown,  give  varying  results. 

r 

39.  In  producing  further  extensions  (always  referred  to 
original  sections)  stress  5  is  increased. 

Its  growth  becomes  gradually  less  (in  iron  !)  until  5  reaches 
a  maximum  value,  after  which  it  again  decreases  to  the  instant 
of  rupture.  Recording  this  on  a  similar  diagram  of  smaller 
scale,  we  obtain  Fig.  6.  Points  P  and  Y  are  the  same  as  before. 
Stress  at  point  Mis  called  maximum  stress,  S^;  stress 
at  point  R  is  called  rupture-stress,  Sjg.  The  relative 
elongations  are  Cp^er,  ^m  and  eji^  and  these  will  be  referred  to 
later  on. 

40.  It  is  sometimes  easier  to  refer  to  loads  and  extensions 
than  to  stresses  5  and  strains  e  produced  by  them  respectively, 
and  to  draw  diagrams  with  these.  It  will  readily  be  seen  that 
the  diagrams  will  \^q  similar,  as  stress  with  constant  section  is 
calculated  from  Z,  and  the  elongations  with  ^  constant.  Test- 
ing machines  are  frequently  provided  with  (Automatic 
Recorders)  apparatus  for  drawing  diagrams  as  above  ex- 
plained, recording  according  to  L  and  ^automati- 
cally. 

It  is  of  course  more  usual  to  make  diagrams  referred  to  L 
and  ^,  and  I  should  have  proceeded  likewise  for  simplicity's 
sake,  but  the   advantages   of   reference   to  S 3Lnd  e^ 
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will  be  quickly  recognized,  when  it  is  considered 
that  diagrams  drawn  on  identical  bases  will  always  give  curves 
of  tests  more  or  less  incident  throughout,  for  the  same  ma- 
terial. One  glance  shows  all  the  characteristics  of  the  material 
and  makes  mental  comparison  with  the  average  curve,  carried 
in  mind,  very  easy.  For  this  reason  I  have  adopted  definite 
scales  *  for  diagrams  in  the  students*  experimental  work,  and 
it  is  not  at  all  difficult  to  draw  the  diagrams  directly,  by  use  of 
the  slide  rule,  from  the  test  reports,  for  values  of  5  and  using 
the  trick  of  observing  the  extensions  in  fi  of  /^  as  r^  either  a 
decimal  multiple  of  /^  is  used  or  other  scales  are  divided  in 
percentual  parts  of  various  test  lengths,  as  will  be  more  fully 
explained  in  (137).  Indeed  there  is  very  little  difficulty  to  so 
arrange  a  testing  machine  that  stress  s  is  indicated  by  or  read 
off  from  the  testing  machine  instead  of  loads,  even  while  using 
test  pieces  of  various  sections.  This  can  be  done  in  a  number 
of  ways,  and  would  be  by  no  means  impractical,  especially  as 
most  of  them  are  used  for  only  one  kind  of  test.  I  shall  again 
return  to  this  point  at  the  end  of  the  book. 

41.  Thus  far  uniform  increment  of  stress  was  imagined  and 
the  consequent  elongations  recorded.  When  the  procedure  is, 
however,  changed,  so  that  the  stress  after  reaching  definite  in- 
tervals is  released,  i.e.  when  a  bar  loaded  by  a  force  L  is  re- 
lie  v  e  d  t  until  L  =  Oj  we  obtain  in  case  of  material  with 
decided  P-limit,  like  our  iron  sample,  a  diagram  such  as  is 
shown  in  Fig.  7. 

In  the  beginning  the  body  loses  the  elongation  e^  upon  re- 
lease from  stress  5,  entirely.  The  body  assumes  its  original 
shape  completely,  it  is  perfectly  elastic.  When  un- 
loading after  successively  increasing  stress,  the  body  will  from 
a  certain  limit  fail  to  regain  its  original  shape  perfectly,  a  re- 

*  I  use  rectangular  co-ordinates  making  s  =  1000  at.  equal  to  ^  =  0.100  ; 
or  about  5000  lbs.  per  in.  equal  to  actual  extension. 

f  In  relieving  loads,  the  remarks  contained  in  Chapter  12,  section  31409 
must  be  noted. 
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sidual  change  will  be  noted,  which  does  not  disappear,  the 
permanent  elongation  or  permanent  set.  This 
point  or  limit  is  called  the  Elastic  Limit  of  the  material ; 
i.e.,  that  stress  at  which  the  body  assumes  per- 
manent deformations.  It  is  a  common  belief  that 
elastic  limit  and  P-limit  coincide ;  however,  there  is  no  conclu- 
sive reason  for  this  assumption,  as  will  be  shown  hereafter ;  it 
certainly  still  requires  exhaustive  examination.  The  elastic 
limit  shall  hereafter  be  designated  by  E^;  hence : 

Sg^  and  e,s^. 

This  is  the  proper  place  to  call  attention  to  a  very  impor- 
tant misconception  which  is  produced  by  the  uncertainty 
'A  accurate  definition  of  the  idea  of  elastic  limit,  and  the  existing 
careless  distinction  between  proportional  and  elastic  limits  and  of 
yield  point. 

This  uncertainty  is  by  no  means  due  to  the  fact  that  these  limits 
have  in  themselves  no  precise  or  definite  location,  but  are  determined 
only  approximately  by  the  relation  between  S  and  £ ;  it  has  rather 
been  caused  in  particular  by  the  indiscriminate  substitution  of  Sp 
for  Sei  or  the  reverse,  and  still  more  by  the  determination  of  the  Sy 
or  y point,  instead  of  the  others,  while  actually  making 
tests.  In  practice,  what  we  call  y  i  e  1  d-p  o  i  n  t  Y  point  is  fre- 
quently called  Elastic  Limit  -£"/,  without  any  indication 
how  it  has  been  determined  or  what  is  intended  thereby.  It  is  fre- 
quently possible  to  determine  the  true  import  of  reports  only  by  the 
relative  location  of  the  maximum  load.  Sometimes  it  is  possible^ 
knowing  the  habit  of  an  entire  country,  to  interpret  reports,  and  then' 
only  when  relating  to  one  group  of  material,  and  to  know  what  is 
meant  by  the  term  "elastic  limit."  It  may  be  assumed^  for  instance, 
that  when  the  term  is  found  in  German  papers  by  practicing  engineers 
the  yield-point  is  as  a  rule  referred  to.  The  same  may  similarly  be 
assumed  in  English  and  American  papers  ;  but  with  the  French 
there  is  frequently  doubt,  because  they  often  really  mean  Sei,  when 
speaking  of  elastic  limit.  This  is  indeed  a  serious  matter  ;  for  this 
carelessness  in  diction  may  easily  lead  to  a  change  of  opinion  of  the 
qualities  of  material  by  transposition  of  these  limits,  and  actual 
injury  may  sometimes  be  done. 

The  matter  obtains  direct  importance  when  testifying  as  an  ex- 
pert in  court,  as  to  whether  Sei,  Sp,  or  even  Sy^  were  intended  when 
the  term  elastic  limit  is  used  in  a  contract.  I  cannot  dwell  upon 
this  point  with  too  great  frequency  or  too  much  insistence,  and 
impress  the  necessity  and  importance  of  using  these  terms  with 
greatest  accuracy  and  precision,  in  order  that  authors,  not  for  them- 
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selves^  but  for  their  readers  and  students  who  take  pleasure  and 
enjoyment  out  of  a  publication  may  have  their  labors  facilitated. 

[Translator's  Note.  The  frequent  and  rather  sharp  discus- 
sions of  these  terms  had  in  many  technical  journals,  show  how 
important  precision  in  the  use  of  technical  terms  really  is.  It  may 
be  stated,  however,  that  as  a  general  rule,  those  who  maintain  that 
the  term  "  elastic  limit "  is  more  correct  then  "  yield-point "  have 
failed  to  study  the  subject  with  that  profundity  or  scientific  accuracy 
and  patience  which  alone  entitles  their  opinions  to  be  considered 
authoritative.  It  is  an  unfortunate  fact  that  in  the  U.  S.  many  so- 
called  "  inspectors"  are  not  scientifically  trained,  and  have  not  had 
the  necessary  laboratory  training  which  would  make  them  competent 
critics,  although  the  discussion  was  sustained  by  such.  It  will 
appear  from  the  previous  discussions  in  the  text  that  the  terms, 
proportional  limit,  elastic  limit  and  yield-point  each  represents  defi- 
nite distinct  scientific  ideas  of  properties  of  materials,  which  may  or 
may  not  each  or  all  of  them  co-exist  in  any  one  material.  In  struc- 
tural steel  all  three  are  readily  located  by  proper  methods ;  in  an- 
nealed tool  steel  likewise  ;  in  hardened  tool  steel  there  is  no  yield- 
point,  any  more  than  in  most  cast  irons. 

In  cast  iron  there  is  no  proportional  limit,  because  every  load 
produces  set,  while  cast  iron  has  a  yield-point ;  those,  however,  who 
always  work  by  drop  of  the  beam  would  deny  this,  because  the  beam 
gives  no  indication  of  it,  any  more  than  in  the  case  of  tool  steel. 
G.  C.  Hg.] 

42.  As  soon  as  the  stress  rises  above  the  elastic  limit  Sg^, 
that  is,  to  the  point  A  or  A^^  Fig.  7,  we  shall  find  upon  release 
from  stress  that  elongation  of  e^  returns  to  point  ^*^.  This  part 
f^ji  of  the  total  elongation  e^  is  the  residual  elongation,  called 
permanent  set,  while  e^^  —  e\  is  the  elastic  elongation  or 
resilient  extension.  In  a  diagram  drawn  with  ordinates 
representing  L  and  e,  /  represents  permanent  set,  and  the 
elastic  extension  e  ^  e'  is  resilient  tension.  When  resilient 
extension  and  permanent  set  for  each  stress  S  are  plotted  on 
Fig.  7,  the  finely  broken  line  is  obtained,  which  is  marked  at  its 
upper  end  by  e'\  thus  the  diagram  makes  the  entire  elas.tic 
behavior  of  the  material  during  tension  test  apparent. 

43.  While  the  body  is  changing  its  length  under  con- 
stantly increasing  stress  in  accordance  with  laws  now  known, 
it  also  changes  its  cross-section.  In  this  change  elastic  and 
permanent  changes   may  be  observed,  as  was  the   case   in 
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changes  of  length.     Experience  teaches  that  elastic  changes 
of  length  and  section  are  also  related  in  a  certain  measure. 

Within  the  proportional  and  elastic  limits  (Pand  Ei)  this 
proportion  is  given  by  the  relation  of  contraction  C  to  ^, 
elongation : 

C  =  ^,— ,  or 
m 


elongation  to  contraction  : 


in  which  m  is  sl  constant  which,  derived  from  numerous  tests, 
lies  between  3  and  4,  i.e.,  the  contraction  produced 
by  definite  stress  is  equal  to  from  J  to  i 
of   the   elongation   coincident   with   it. 

Under  these  conditions,  within  elastic  limit  a  change  of 
volume  of  test-piece  would  be  coincident  with  variations  of 

^,  —  ^r.  =  ^, — ,  which  for  the  unit  of  volume  is  obtained  from 

m 

r.  =  (I  -  c)'{i  +  e,)  -  I, 
or 


\  =  {i-^^e){l  +  e,)-l. 


44.  Permanent  change  of  shape  occurs,  as  explained  in 
(2j)j  in  such  manner  in  case  of  materials  of  density  =  I  that 
the  volume  remains  nearly  constant.  While,  however,  the 
contraction  within  the  Ei  and  P  limits,  in  case  of  a  prismatic 
bar  (thus  far  alone  considered),  and  immediately  after  passing 
them,  is  quite  uniform  over  the  entire  length  under  observa- 
tion, further  stress  produces  a  condition  under  which  local 
diminution  of  section  occurs.  One  or  several  contrac- 
tions.   Fig.    8,   occur  (in   soft   material — still  speaking  of 
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iron),  and  finally  rupture  takes   place   at    or  near  the  least 
dimension  of  such  contraction. 

45.  The  beginning  of  this  contraction  leading  to  rupture 
almost  coincides  with  the  maximum  load  S^  for  diagrams 
Figs.  5  and  6,  from  which  it  follows  that  stress  5  decreases, 
as  well  as  the  load  Z,  during  further  extension. 

Practically  this  means,  for  the  case  under  consideration 
(iron),  that  the  maximum  load  (Fig.  6,  M)  would  un- 
doubtedly cause  rupture  of  the  bar  if  its  particular  structure 
permitted  free  extension  up  to  the  instant  of  rupture — if, 
e.g.,  the  load  L^  hangs  on  the  bar.  Testing-machines 
sometimes  also  permit  the  determination  of  the  ultimate  or 
load  at  rupture  Lj^  which  is  carried  by  the  bar  at  the  instant 
preceding  rupture.  The  knowledge  of  this  load  Lji  and  the 
stress  Sk  produced  in  the  bar  is  of  practical  utility  only  in 
very  few  cases,  and  hence  it  has  been  agreed  to  use  the 
maximum  load  L^^  or  stress  5^  as  the  basis 
of  calculation  of  tensile  strength  of  the 
material;  it  is  sometimes  called  ultimate  load  or 
ultimate    stress. 

46.  Tensile  strength,  permanent  exten- 
sion after  rupture  and  reduction  of  area, 
contraction  of  ruptured  surface  are  generally 
used  as  principal  measures  of  quality  of  ma- 
terials of  construction.  Sometimes  the  P  and  Y  limits  are 
also  considered.  For  the  constructor  the  /^  limit  and  factor 
of  elongation,  e/,  within  this  limit  are  undoubtedly  of  the 
greatest  importance,  even  though  their  accurate  determina- 
tion is  difficult  (37,  38). 

47.  Habit  and  the  Resolutions  of  Conferences  for  Unifi- 
cation of  Methods  of  Testing  have  established  the  custom  of 
stating  the  elongation  after  rupture  ^^^  with  the  maximum 
stress  5,vi  instead  of  the  elongation  at  that  instant  ^3,^.  The 
practical  reason  for  this  is  to  be  found  in  the  difficulty  of 
accurately  determining  with  precision  the  elongation  at  maxi- 
mum   stress  fji^  with   existing   apparatus  or   from    plotted 
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diagrams  (or  even  from  autographic  diagrams).  This  is  easily 
understood  by  reference  to  Fig.  6,  a  diagram  of  iron,  in 
which  the  curve  near  maximum  stress  at  M  is  nearly  hori- 
zontal. 

The  elongation  after  rupture  is  generally  expressed  in  ^ 
referred  to  an  original  standard  of  length,  which  will  be  most 
fully  discussed  in  Chapter  VII.  Hereafter  it  will  always  be 
termed   elongation,   and  indicated  by  symbol  ^^. 

The  symbols  Spy  Sy,  5a/,  e^,  and  c^  shall  represent  those 
results  of  tension  tests  which  characterize  the  qualities  of 
niaterials  in  the  eyes  of  the  investigator. 

48.  Remembering  that  stress  is  that  part  of  the  load 
carried  by  the  unit  section,  and  that  unit  extension  denotes 
a  distance  traversed,  namely  of  the  end  section  of  test-piece 
of  /  =  I  due  to  stress  5,  we  may  say  that  the  work  done  and 
resisting  extension  is  equal  to  the  product  of  stress  by 
extension. 

From  these  factors  5  and  e/  we  shall  have  the  specific 
work  Af  with  which  the  unit  of  volume  of  material  resists 
change  of  shape : 

A^  =  2S .  e^-. 

Calculating  from  L  and  e  load  and  extension  produced 
thereby,  we  shall  obtain  as  the  work  done  by  the  entire  bar 
of  length  4  during  resistance  to  deformation 

A  =  2L  .  e. 

Diagrams  give  at  every  instant  the  stress  S  or  load  L  for 
the  corresponding  e^  or  e^,  and  by  summation  of  these  values 
can  readily  give  the  specific  work  or  resiliency  2A^or  2 A, 

In  the  stress-strain  diagram  Fig.  9  the  area  of  triangle 
OPe^p  represents  the  sum  of  specific  work  done,  up  to  the  P 
limit,  or  the  elastic  resilience;  it  is 

^  y  =  a  •-^/*  •  ^P*         •      •      •      •      •      o 
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Others  have  followed  this  idea  to  a  greater  limit,  as  H.  F  i  s  c  h  e  r» 
H  a  r  t  i  g  (L  io6)  and  others,  but  I  do  not  wish  to  continue  it  because 
my  extended  experience  of  and  occupation  with  testing  and  its  prac- 
tical applications  have  convinced  me  that  the  matter  must  not  be 
complicated  more  than  is  absolutely  necessary.  As  I  am  writing 
this  book  primarily  for  its  practical  applicability,  I  must  refrain 
from  a  more  detailed  discussion  of  the  subject,  and  also  in  such 
cases  which  appear  interesting  and  of  scientific  value  to  me  ;  I  would 
therefore  protect  myself  at  this  place  against  the  accusation  that  I 
neglected  this  subject. 

Bodies  by  no  means  cease  to  be  elastic  after  passing  the  /'-limit; 
on  the  contrary,  the  resilience  may  increase  even  to  the  instant 
of  rupture.  Hence  they  exert  elastic  resiliency,  even  though  per- 
manent deformations  are  occurring.  The  amount  of  this  work  can, 
of  course,  be  determined  by  repetitive  unloading  tests  up  to  the 
instant  of  rupture,  but  in  doing  this,  as  shall  be  shown  later  on,  most 
materials  suffer  a  material  change  of  condition,  the  magnitude 
of  which  depends  upon  manifold  conditions  of  the  test. 

Fischer  represents  the  total  resiliency  A!  by  a  diagram  with 

co-ordinates  of  S  and  ^,.     From  this  he  develops  the  conception  of 

degree  of  elasticity,  as  the  relation  between  specific  elastic 

A' 
resiliency  Aj  and  the  specific  resiliency  Af\    or  =  —r-. 

Af 

Specific   elastic   resiliency  Aj  is  divided  by  Fischer  into  two 

parts.  Ay  and  A^' ^  or  into  the  resiliency  during  elastic  deformation 

and  of  that,  after  passing  the  elastic  limit.    But  in  this  we  must  also 

remember  that  Fischer's  elastic  limit  corresponds  approximatelv 

to  our  Y  point.     He  furthermore  uses  the  proportion  x  =       ,, 

At 

to  represent  properties  of  materials.  Were  we  to  follow  his  proposi- 
tion, otherwise  noteworthy,  it  would  materially  complicate  the  art  of 
testing  materials  (^-?^). 

49.  The  work  of  resistance,  resiliency,  to  be  done  up  to 
the  Y  point  and  maximum  load  (Fig.  9)  are  represented  by  the 
areas  OPYMcyO  and  OPYMcj^O.  That  part  of  the  resiliency 
overcome  beyond  the  maximum  load  is  of  no  consequence  to 
the  constructor,  as  previously  indicated.  It  may,  however, 
be  of  great  value  to  the  technologist  under  certain  conditions, 
and  hence  cannot  be  neglected;  it  is  measured  by  e^^^Fep. 

The  entire  hatched  (Fig.  9)  area  of  diagram  is  a  measure 
of  resiliency,  which  the  unit  of  volume  of  the 
material  in  question  can  oppose  to  rupture. 
It  must  not  be  forgotten,  however,  that  this  is  not  strictly 
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correct  in  case  of  soft  materials,  which  suffer  local  contraction 
and  hence  give  a  line  which  drops  from  M  to  /?,  for  the  sec- 
tion 3  is  produced  only  by  that  part  of  the  bar  at  which  local 
contraction  occurs.  Therefore  it  is  customary  to  neglect  this 
drop  of  curve  when  calculating  ^A^  and  to  add  the  corner  4 
in  full. 

The  resiliency  A  is  sometimes  also  recommended  as  a 
measure  of  quality  of  materials. 

50.  When  a  diagram  is  available  it  is  easy  to  determine 
its  area  by  calculation,  by  planimeter  or  by 
weighing  the  diagram,  cutting  it  out  along  the  curve  and 
the  base  and  final  ordinate. 

In  order  to  elucidate  the  use  of  instruments,  their  sources 
of  error  and  the  determination  thereof,  and  to  give  my 
students  opportunity  of  doing  independent  work,  they  must 
make  such  calculations,  measurements,  and  weighing.  If 
practical  accuracy  suffices,  then  merely  counting  the  squares 
of  cross-section  paper  covered  by  the  curve  will  give  the 
result  rapidly,  as  is  shown  by  the  following  example  (Fig. 
10),  in  which  the  curve  is  considered  as  covering  rectangles, 
as  many  squares  of  which  lie  within  as  others  lie  without  it. 
Eye  measure  is  sufficient  for  this.  An  easy  calculation  then 
gives : 

Circumscribed  rectangle  ^,  =  3740  X  0.380  =  142 1 

Surface  i  —  2600  X  0.380  =  988 

2  —     800  X  0.320  =  256 

3  —     340  X  0.170  =     58 

1302 

^Af       1 302 

and  — -T^  = =  0.92 

A^         142 1  ^ 

51.  It  is,  however,  not  customary  to  obtain  an  auto- 
graphic diagram :  in  fact  the  trouble  is  rarely  ever  taken  to 
determine  values  of  P,  ^,  5,   and  e^  during  the  test.     It  is 


( ( 
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nevertheless  possible  to  determine  the  resiliency  with  reason- 
able accuracy  from  the  data  usually  observed  in  a  test. 

We  are  helped  in  this  by  our  experience  that  the 
relation  between  the  area  of  the  diagram 
of  resilience  and  that  of  the  circumscribed 
rectangle  can  be  expressed  by  a  number, 
which  varies  only  in  a  very  slight  measure. 
The  area  of  the  rectangle  is  always  given  by  the  product, 
derived  from  the  test: 

A^  =  S^f  .  Cr 

or  maximum  stress  by  ultimate  elongation. 
The  ratio  between  the  area  of  diagram  2A  and  of  the 
circumscribed  rectangle  is  called  the  equality-ratio  of  diagram 
of  resiliency;  it  is  always  less  than  I  and  in  future  shall  be 
denominated  by 

Hence  the  resiliency  of  any  material  may  be  obtained  from 
maximum  stress,  ultimate  extension  and 
e  q  u  a  1  i  t  y-r  a  t  i  o,    or : 

^Af  =  S:i[.ER,€^ lO 

This  value  is  given  in  German  works  in  cm  kc/ccm,  and  in 
English  in  inch-pounds  (in.  lbs.). 

In  German  the  resiliency  is  often  based  on  i  gramme 
instead  of  i  ccm;  and  it  then  becomes 

^yif  =  j>.i/.^/?./i^ —    —     ,        •      .      •      loa 

as  I  ccm  of  solid  material  weighs  Sp.  Gr.  X  g* 

52.  In  order  to  obtain  an  exhaustive  illustration  of  the 
behavior  of  material  during  the  tension-test  we  must  revert 
to  a  case  previously  discussed,  viz.,  the  case  of  repeated  load- 
ing and  unloading.      For  this  purpose  a  bar  of  magnesium  is 
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to  be  considered  instead  of  one  of  steel,  because  it  shows  the 
properties  under  discussion,  the  residuary  or  resilient 
phenomena,  to  a  marked  degree. 

53.  When  a  body  is  loaded  rapidly  but  without  shock, 
so  that  it  is  not  subject  to  longitudinal  vibrations,  it  does  not 
at  once  assume  entirely  the  length  due  to  its  properties  and 
the  loads  applied.  When  allowed  to  rest  after 
loading  it  will  change  its  length  under  the 
influence  of  the  load,  for  seconds,  minutes, 
even  for  days  and  weeks. 

A  very  similar  .case  is  found  to  exist  when  the  load 
is  removed  and  the  body  is  allowed  to  rest 
without  effect  of  the  load;  it  shortensin 
course  of  time. 

The  phenomena  of  change  of  shape  in  course  of  time 
are  called  residuary  or  resilient  phenomena. 
These  phenomena  are  as  a  rule  unobserved,  because  in  many 
materials  they  can  be  determined  only  by  means  of  very 
delicate  measuring-instruments;  in  some,  e.g.  rolled  mag- 
nesium, they  are  more  apparent,  so  that  they  can  be  readily 
determined  with  the  ordinary  instruments  of  precision. 

In  the  following  is  given  a  general  review  of  these 
phenomena  (Fig.  1 1)  based  on  an  actual  test  (Z,  lof). 

While  loading  up  to  the  point  A  a  steadily  curved  line  is 
recorded,  because  the  rolled  magnesium  test-piece  does  not 
show  a  proportional  limit  (P-limit).  Upon  maintaining  the 
stress  at  A  for,  ^ay,  S  minutes,  the  bar  continues  elongating; 
in  the  test  mentioned  a  residuary  extension  e'\  of  .0002925 
in.,  took  place  under  a  stress  of  1270  at.  The  amount  of  this 
residuary  extension  is  indicated  by  the  heavy  horizontal  line. 
Upon  increasing  the  stress  after  5  minutes*  delay  to  the  point 
5,  and  a  further  lapse  of  5  min.,  the  same  effect  takes 
place,  which  will  again  occur  at  C,  the  residuary  extension  e'^ 
in  equal  intervals  of  time  will  be  found  to  be  greater  at  B 
than  at  A^  and  greater  at  C  than  at  B\  similarly,  the  residuary 
extension  at  F,  G^  and  H  constantly  increases. 
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By  observations  during  successive  minutes  the  law 
governing  this  residuary  extension  can  be  comprehensively 
represented  by  plotting  it  and  the  corresponding  stresses 
on  a  diagram  with  rectangular  co-ordinates.  The  diagram 
e'\  I,  2,  ...    5,  etc.,  is  thus  obtained  (Z  io8^  1887,  p.  72). 

When  the  stress  at  points  £  ory  is  reduced  to,  say,  80 
at.,  the  extension  decreases  on  broken  lines  to  D  or  H^  and 
in  course  of  time  further  contractions  take  place  to  amounts 
shown  by  heavy  horizontal  lines.  This  contraction  may 
again  be  plotted  the  same  as  the  extension;  the  broken 
curved  line  to  the  left  of  the  vertical  through  the  origin  is 
thus  obtained. 

As  previously  stated,  these  residuary  extensions  and  con- 
tractions are  minute.  Table  4  gives  these  values  for  a  bar  of 
magnesium. 

Table  4.    Residaarjr  Phenomena  of  Magnesium. 
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23 
30 
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63 

66 
95 

83 
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628 

I  have  most  fully  treated  these  phenomena  as  referring  to 
magnesium  in  a  separate  publication  {L  loy).  Besides  this 
I  have  repeatedly  called  attention  to  similar  occurrences  in 
other  materials  in  the  *'  Mittheilungen  "  (L  lop  and  no).     I 
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append  a  few  additional  remarks  about  the  study  of  these 
phenomena  in  case  of  magnesium,  which  are  intended  to 
show  to  what  extent  they  deserve  our  attention. 

The  effect  of  residuary  contraction  may  be  recognized 
even  after  repeated  extension  due  to  re-application  of  stress 
(see  p.  44),  just  as  the  residuary  extension  may  be  of  influ- 
ence upon  the  degree  of  residuary  contraction  upon  release 
of  stress.  In  other  words,  the  effect  of  any  stress  on  material 
does  not  immediately  cease  with  its  removal,  but  it  also 
affects  the  resultant  phenomena  of  later  and  opposite  stress. 
Our  Past  Master  Bauschingcr  has  repeatedly  called 
attention  (Z  ///)  to  similar  phenomena  depending  upon  time, 
which  are  partly  to  be  considered  further  on  (Sect.  313). 

The  effect  of  initial  treatment  is  readily  recognized  upon 
making  a  test,  say  a  tension-test,  one  by  successive  inter- 
mittent stress  without  release  and  a  second  with  similar 
material,  with  release  of  stress  in  3  or  4  intervals.  In  the 
first  case  a  constant  increase  in  the  successive  extensions  will 
be  noted,  while  in  the  second,  the  period  following  release 
of  stress  will  show  a  difference  relatively  too  small,  caused  by 
the  contraction  occurring  during  release  (p.  69  of  L  iid). 
These  occurrences,  to  speak  figuratively,  act  like  waves  upon 
water,  often  plainly  visible  and  crossing  each  other  according 
to  fixed  laws.  In  degree  the  last  stress  applied  has  the  most 
important  effect  upon  the  phenomena,  while  the  effects  of 
stresses  previously  applied  are  greatly  modified,  and  gradually 
disappear. 

Such  occurrences  have  moreover  been  frequently  demon- 
strated heretofore.     E.    Warburg  reports: 

**  In  the  case  of  copper  the  time  of  vibration  (in  case  of 
suspended  wires  subject  to  torsional  vibration)  is  dependent 
upon  the  interval  of  time  elapsed  since  the  last  previous 
change  of  stress,  and  in  fact  decreasing  with  increase  of  time, 
whether  the  stress  had  been  either  increased  or  decreased. 
Pisati  and  P.  M.  Schmidt  have  shown  the  same  to 
occur  in  various  metals." — '*  If  a  copper  wire  be   strained 
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under  a  certain  permanent  torsion  and  be  also  loaded  by 
tension,  it  loses  permanently,  as  Wiedemann  has  shown, 
a  part  of  its  permanent  torsion;  during  a  subsequent  removal 
of  load,  the  decreased  torsion  remains  or  is  still  further 
decreased.  Repeated  loading  and  release  operates  in  the 
same  manner  with  decreasing  intensity,  and  finally  the  wire 
attains  such  a  condition  in  which  a  lasting  change  of  perma- 
nent torsion  is  no  longer  produced  by  loading  and  release." 

Similar  tests  of  other  investigators  have  shown  that  the  origin  of 
vibrations  under  torsional  vibrations  of  wire  is  shifted  in  the  direc- 
tion of  the  first  stress,  that  under  opposite  stress  it  returns  in  a 
similar  direction,  and  also  that  the  direction  of  the  previous  stresses 
exerts  influence  on  the  magnitude  of  the  effect  of  those  applied 
later.  When  the  results  of  tests  recently  published  by  B  a  c  h, 
H  a  r  t  i  g,  and  others,  of  mortars,  concrete,  leather  and  other  mate- 
rials, are  compared  with  the  previous,  the  mass  of  interesting  condi- 
tions becoming  practically  valuable,  which  mav  be  developed  by 
further  study,  cannot  remain  concealed.     (Z  ii^.) 

54.  It  will  be  seen  from  the  foregoing  presentation  that 
the  residuary  phenomena  above  discussed,  interesting  as  their 
study  in  themselves  may  be,  and  although  they  may  be  much 
considered  in  future  tests  of  material,  are  not,  as  a  rule,  of 
material  importance  for  the  constructor.  They  are  on  one 
hand  very  minute,  generally  even  much  smaller  than  in  the 
case  of  magnesium,  and  on  the  other  become  apparent,  mainly 
under  such  stresses  which  lie  above  those  allowable  in  con- 
struction. For  the  accurate  knowledge  of  properties  of 
materials  their  study  of  course  retains  its  importance. 

There  are,  however,  further  residuary  phenomena  which 
occur  at  stress  below  the  £1  limit,  the  elastic  resid- 
uary phenomena.  Their  study  is  only  possible  by  use 
of  the  most  delicate  resources  of  the  physical  laboratory,  and 
no  doubt  belongs  to  the  most  interesting  field  of  natural 
sciences,  but  is  of  no  immediate  value  for  the  constructor, 
and  therefore  further  discussion  of  the  subject  is  dropped. 
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Resistance  to  Crashing. 

55*  The  relations  and  ideas  in  the  crushing-test  are  very 
similar  to  those  of  the  tension-test;  only  the  forces  must  be 
considered  as  acting  in  a  reversed  direction. 

In  Fig.  12  a  very  long  prismatic  bar  is  assumed,  on  the 
selected  section  aa^  bb,  of  which  forces  —  P  act  compres- 
sively  in  the  axis  of  the  bar.  Instead  of  extension  e  in  the 
tension-test,  the  material  is  shortened  —  e,  and  instead  of 
contraction  of  area,  increase  of  section  takes  place.  The 
relations  between  forces,  stress,  and  deformations  are  similar 
to  those  under  tensional  loads;  using  the  previous  notation 
with  negative  prefixes,  these  relations  may  be  expressed  as 
below.  The  load  in  any  section  of  area  =  a  of  the  prismatic 
body  will  be 


-  L 
-/_     ^    ,or 

the  stress : 

-5=-,=-/ 

The  amount  of  crushing,  or   upsetting,  which  the 
body  undergoes  under  the  crushing  stress  is 

-  ^  =  /,.  -  4. 

The  crushing  of  the  unit  length,  or  crushing  ratio, 
is: 

-  e,  =  -r-,  or 


4 


in  per  cent  of  original  length : 


—  ^^  =  —  ^,100 


=  -^100  =  I ^  —  I  lioo. 
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The    crushing    factor— ^y,    i.e»,    the    upsetting   ratio 
under  the  unit  load,  is 

—  e^         —  e       I  —  e       a 

—  ^,  =  —  — 


Again  as  before,  we  may  write: 
—  ^,  =  ^/  —  5,  and 
for  the  upsetting  of  a  bar  of  length  /^: 

—  f  z=:  ey.  —  S ,  Igf  and 
for  the  stress: 

The    Modulus    of    Elasticity    for    crushing    is 
therefore 

e        -  e. 

The  increase  of  section    upsetting  produced  under  the 
effect  of  crushing  stress  may  be  represented  by 

—  ^,  =  — I  or 

a 

in  ^  of  original  sectional  area: 


_,^=(^_,],oo. 


When  it  is  desirable  to  express  the  stress,  as  in  par.  36 
for  tension,  referred  to  the  actual  section  instantly  produced 
by  it,  i.e.,  to  the  cross-sectional  area  of  a  prismatic  body,  the 
volume  of  which  is  equal  to  the  crushed  and  upset  test-piece 
actually  used,  the  formula 

5,  =  5(i  —  e^  applies  directly. 
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^66.  In  the  crushing-test  the  upsetting  or  crushing  in 
many  materials  is  again  at  first  proportional  to  the  stress;  they 
tlierefore  have  a  proportional  limit  for  c  r  u  s  h  i  n  g^ 
loads  (5.^);  up  to  that  point: 

—  e                                                        —  Ae 
—  Cf  zzz  ^  =  constant ;    and  also  —  ^^r  = -r^  =  cons. 


The  proportion  between  upsetting  and 
increase  of  stress  is  uniform. 

Plotting  a  diagram  for  iron,  a  material  having  a  clearly 
defined  —  -P-limit,  supplementing  it  by  the  tension  diagram, 
so  that  the  stress  and  changes  of  length  are  laid  off  on  oppo- 
site sides  of  the  axis,  we  shall  obtain  a  representation  as  in 

Fig-  13- 

The  proportional  limit  is  found  at  —  5/»,  where  the  curve 

begins  to  deviate  from  a  straight  line.  When  the  changes  of 
length  are  equal  in  tension  and  crushing  tests,  the  part — POP 
will  be  a  right  line.  The  yield-point  for  crushing-loads  is 
more  or  less  well  defined;  it  is  called  the  upsetting 
limit  at  (—  5^).  The  c  r  u  s  h  i  n  g-p  o  i  n  t  (—  -ff)  is 
clearly  marked  only  in  brittle  materials,  such  as  cast  iron, 
stone,  cement,  etc.,  while  tough  and  ductile  bodies,  such  as 
lead,  copper,  low  steels,  etc.,  cannot  be  ruptured,  as  they 
suffer  extraordinarily  large  changes  of  shape  under  crushing- 
loads  without  the  appearance  of  signs  of  rupture.  In  such 
materials  the  pressure  may  be  increased  very  largely  without 
producing  rupture,  as  is  shown  by  the  broken  line  part  of  the 
diagram  Fig.  13. 

The  preceding  conclusions  are  derived  from  current  considera- 
tions and  experience,  which  actually  always  refer  only  to  bodies 
whose  relation  of  length  to  section  is  very  limited.  Because  of  more 
ready  representation  in  connection  with  deference  to  daily  experi- 
ence, the  short  test-piece  has  been  quietly  referred  to.  It  is  in  fact 
very  difficult  to  make  a  crushing-test  of  long  bars  so  as  to  prevent  all 
secondary  effects  of  stress.  In  this  case  the  relations  would  prob- 
ably be  somewhat   modified,  in  so  far  as  bulging  of  the  crushed 
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bodies  would  in  case  of  long  test-pieces  be  local,  similar  to  contrac- 
tion of  the  tension  test-piece. 

67.  In  case  of  test-pieces  which  are  not  ruptured  by 
crushing,  the  maximum  load  S^j^  cannot  be  used  as  a 
measure  of  quality  of  the  material,  because  it  is  not  charac- 
teristic, but  depends  upon  the  fact  as  to  how  far  the  test  had 
been  actually  carried.  It  is  in  most  cases  sufficient  for  the 
constructor  to  know  the  upsetting  (yield)  point  at  which  the 
material  begins  to  yield  materially.  As  a  measure  of 
quality  for  tough  materials  this  upsetting 
(or  yield)  point  must  be  used,  while  it  is  cus- 
tomary to  use  the  crushing-load  for  brittle 
materials.  These  measures  are  therefore  not ' directly 
comparable ;  each  is  applicable  in  its  special  field  only. 

58.  In  case  of  elastic  materials,  the  elastic  property  itself 
becomes  pronounced  in  crushing-tests.  In  this  case  also 
there  is  a  part  which  returns  to  its  initial  condition.  Accord- 
ingly distinction  is  made  between  elastic  and  per- 
manent crushing;  crushin  g-s  e  t  and  resiliency 
are  noted.  As  in  the  tension-test,  residuary  phe- 
nomena become  apparent. 

59.  Similarly  to  contraction  in  tension  test-pieces,  there 
is  bulging  or  upsetting  governed  by  similar  laws;  within  the 
elastic  limit 

^  =  —  f, —  is  true ;  or 
m 

in  which  w  is  a  number  which  general  experience  shows  to 
lie  between  3  and  4,  and  which  may  be  considered  identical 
for  tension  and  crushing  in  the  same  material. 

Permanent  deformations  of  material  of  density  i  during 
crushing-test  occur  as  in  the  tension-test,  in  such  manner 
that  the  volume  of  the  body  remains  nearly  constant  under 
all  deformations. 
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60.  The  work  done  or  resilience  with  which  a  body  resists 
deformations  can  be  deduced  from  the  product  of  stress  and 
crushing  produced  thereby,  as  in  the  tension-test.  The 
specific  work  ^yr  which  the  unit  of  volume 
opposes  to  deformation    is: 

A/  =  2s .  —  e^. 

The  total  work  done  can  again  be  determined  from  the 
diagram. 

The  area  of  triangle  O^  —  P,  e^p^  Fig.  13,  i^the  sum  of 
the  specific  work  done  up  to  the  —  /'-limit  or  the  elastic 
resilience: 


-Af^p  —  -J  .  S_^ 


■-/» 


The  work  done  up  to  the  upsetting  or  yield  point  —  F,  or 
up  to  the  crushing-point  —  My  in  resisting  stress  is  given  by 
areas  O,  —  P,  —  Y,  ^5,  0\  or  by  O,  —  P, --  F,  —  M,  e^,  O, 
Fig.  13.  That  part  beyond  the  yield  or  upsetting  point  has 
relatively  little  vali>e  for  the  constructor,  as  previously  eluci- 
dated; only  in  case  of  bodies  actually  fractured  a  definite 
value  of  resilience  is  characteristic.  The  technologist,  how- 
ever, will  not  neglect  without  further  concern  that  part 
beyond  —  F,  because  it  gives  valuable  points  as  to  the 
workability  of  the  material  in  many  cases. 

2.    Character  of  Testing^-Machiues  and  of  Measuring- 
Apparatus. 

61.  Thus  far  the  behavior  of  a  very  long  bar  subjected 
to  tension  or  crushing  test  has  been  considered.  In  actually 
making  tests  the  bar  must  be  held  or  gripped  by  the 
testing-machine  in  a  suitable  manner.  Because  this  circum- 
stance, as  well  as  the  method  and  arrangement  of  the 
machine  used  for  the  tests,  exercises  a  certain  influence  on  the 
results,  it  is  now  necessary  to  consider  the  principal 
features   of  machines  and   holders  or   grips.     For 
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the  same  reason  it  becomes  necessary  to  give  a  general  review 
of  the  character  of  measurin  g-a  pparatus  at  this 
time,  although  special  consideration  of  these  matters  and  of 
methods  of  testing  will  be  relegated  to  the  final  chapters  of 
the  book. 

As  only  general  considerations  of  making  tests  are  here 
described,  which  are  to  serve  as  a  starting-point  for  the  dis- 
cussion of  effects  of  method  on  results  of  tests,  the  descrip- 
tions  here  given  are  only  schematic,  reserving  detail  for  later 
chapters. 

a.  Testing-machines. 

63.  A  testing-machine  generally  consists  of  three  prin- 
cipal parts: 

A)  Driving  or  loading  mechanism;  gen- 
erally screw  gearing  or  a  hydraulic  press; 

B)  Load -indicator,     generally    lever,     hydro- 
static or  spring  balance ; 

C)  Frame,  support,  or  base. 

It  is  the  province  of  the  loading  mechanism  to 
transmit  loads  to  the  test-piece,  producing  in  it  stress  5. 

The  object  of  load-indicator  is  to  indicate  or 
measure  the  loads  applied  with  sufficient  accuracy. 

The  purpose  of  the  frame  or  support  is  to 
transfer  the  loads  transmitted  by  the  test-piece  to  the  loading 
mechanism,  thereby  closing  the  circuit  of  forces. 

63.  The  test-piece  must  be  introduced  between  loading 
mechanism  and  load-indicator.  For  this  object  they  are 
provided  with  holders,  grips,  or  jaws,  which  grip 
the  ends  of  the  test-pieces. 

64.  The  desire  for  brevity  of  expression  and  the  desire 
of  describing  essentials  or  typical  construction  of  groups  of 
machines  led  me  years  ago  to  introduce  schematic  or 
diagrammatic  notation  (Z  //?),  which  I  shall  re- 
tain here,  as  long  as  detail  is  not  to  be  discussed.  This  nota- 
tion is  as  follows: 
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Fig.  14  refers  to  types  of  driving  mechanism;  a  indicates 
a  screw-press,  b-d  hydraulic  presses,  b  with  plunger,  c  single- 
acting,  d  double-acting. 

65,  Only  the  typical  designs  of  various  construction 
of  load-indicators  will  be  here  mentioned  in  essential 
characteristics,  with  diagrammatic  notation  as  in  Figs.  15  to 
22. 

Two  principal  groups  can  be  defined,  one  in  which  the 
loads  L  transmitted  by  test-piece  are  measured  inter- 
mittently (in  intervals),  and  the  other  in  which 
these  loads  are  measured   steadily   or  constantly. 

In  the  first  group  the  moment  Pa  ^=  pb^  Figs.  15  and  16, 
grows  in  intervals  or  intermittently:  two  prin- 
cipal types  may  be  distinguished: 

65a.  Lever-scale  (steelyard),  Fig.  15  (two-armed, 
single-arm,  angle-lever).  The  lever  ratio  a/b  is  constant; 
load/  is  variable ;  balance- weights  applied  by  hand  (the  lever- 
balance  is  used  in  the  Werder,  Rudeloff,  and 
M  o  h  r  and  Federhaff  machines). 

65b.  Lever-balance  (steelyard)  with  mechani- 
cal deposition  of  weights,  Fig.  16.  The  weights 
p  are  changeable  in  intervals,  lever  ratio  a/b  remaining  con- 
stant (such  arrangements  are  found  in  the  Emery, 
G  o  1 1  n  e  r,    and    Martens   machines). 

Weights  (discs)  /  are  deposited  by  mechanism,  which 
generally  has  a  reciprocating  motion  (indicated  by  the  double- 
headed  arrow  shown).  Hatched  parts  invariably  indicate 
fixed  points,  such  as  bearings,  guides,  etc.,  rigidly  connected 
to  the  frame  or  base  of  machine.  Devices  of  the  second  kind 
usually  have  the  advantage  of  depositing  weights  without 
impact,  thus  avoiding  the  transmission  of  heavy  shock  or 
impact  upon  the  test-piece;  it  is  also  more  certain  to  avoid 
errors  of  counting  weights  deposited.  Unloading  is  also 
much  more  readily  done  than  in  the  first  case.  It  is,  how- 
ever, necessary,  in  order  to  avoid  great  complication  when 
using  small  increments  of  load  in  case  ^,  to  provide  smaller 
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weights  in  addition.  In  case  of  second  group  of  load-indi- 
cators a  constant  increase  of  load  P  is  obtained ; 
this  can  be  done  in  several  ways. 

65c.  Travelling  poise  steelyard,  Fig.  1 7. 
In  this  case  a  and  /  remain  constant  and  the  lever  ratio  a/b 
changes.  The  poise  can  be  operated  by  hand  so  as  to 
produce  either  intermittently  increasing  loads  (as  in  cases  a 
and  b)  or  uniform  increase,  maintaining  equilibrium.  This  is, 
however,  frequently  achieved  by  a  great  variety  of  mechan- 
ism, operated  automatically  by  the  machine.  In  this  case 
the  machine  generally  acts  as  a  relay,  to  throw  the  poise 
mechanism  in  and  out  of  gear  (R  i  e  h  1  6,  O  1  s  e  n,  W  i  c  k- 
stced,   Martens,   Morgan). 

65d.  P  e  n  d  u  1  u  m-b  a  1  a  n  c  e,  Fig.  18.  In  this  type 
p  remains  constant  while  a^  and  b^  are  variable,  the  latter 
referring  to  the  so-called  lever-arms  of  P  and  /. 

Assuming  the  notation  given  in  Fig.  8  as  understood, 
the  law  of  the  pendulum-balance  may  be  briefly  stated  as 
follows : 

Pa^  =  pb^ ;     a,  =  ^z  cos  0 ;     ^j  =  ^  sin  0. 

^         b,          3  sin  0         b 
P  =^  p-  =  / T  =  /-  tan  0. 

Pa        n 
tan  0  =  -^  =  -,  or 

{pb\ 
P  =  n\ — J,  or,  abbreviated,  P  =  na. 

The  rise  n^  measured  on  a  straight  line  at  a  distance  tn 
from  the  lever-axis,  is  therefore  the  measure  of  load  on  the 
test-piece.  It  will  be  seen  that  m  may  be  so  chosen  as  to 
vary  the  constants  of  the  machine  at  will.  Thus  it  is  easy 
to  obtain,  what  was  stated  in  Section  40,  a  measure  of  loads 
applied  which  will  indicate  directly  the  stress  carried  by  test- 
pieces  of  various  sections.     It  is,  however,  also  possible  to 
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indicate  loads  on  a  magnified  scale,  or  even  to  change  it 
alternately  to  different  ratios.  (The  Pendulum-balance  is 
found  in  the  Thurston,  Pohlmeyer,  v.  Tarno- 
grocki,   and  Schopper    machines.) 

65e.  Spring-balance,  Fig.  19.  In  spring-balances 
the  elastic  resistance  of  springs  is  used  to  produce  the  variable 
force/,  which  is  generally  equal  to  P,  because  it  usually  acts 
directly  on  the  spring.  The  traverse  of  the  free  end  of  the 
spring,  its  change  of  shape,  serves  as  a  measure  of  force  /  or 
load  P,  Spring-balances  are  used  almost  exclusively  for  very 
small  stresses,  because  large  springs  have  very  small  ampli- 
tudes and  the  errors  become  too  large.  (Spring-balances  are 
in  use  in  numerous  early  forms  of  so-called  dynamometers, 
dasymeters,  etc.,  in  machines  used  for  testing  paper,  textile 
fabrics,  wire,  etc.,  as  in  the  apparatus  of  H  a  r  1 1  g- 
Reuse h,   Wendler,   Martens.) 

66f.  Hydrostatic  balances.  Figs.  20  and  2 1 . 
In  these  scales  the  force  /  is  measured  by  the  pressure  of  a 
column  of  liquid,  the  altitude  of  which  is  its  measure,  as  well 
as  of  the  force  P,  Its  transmission  and  multiplication  of/  to 
P  is  also  usually  produced  by  hydraulic  means.  It  may 
suffice  to  mention  two  types  of  such  load-indicators  at  this 
time. 

In  both  cases  the  load  P  acts  directly,  or  indirectly  by  a 
lever  system,  on  the  piston  (cover)  of  a  vessel,  the  liquid  in 
which  is  generally  in  communication  with  a  mercury-column. 
In  one  type,  Fig.  20,  the  mercury  rises  in  a  stationary  tube 
(machines  of  Amsler-Laffon,  Chauvin  &  Marin 
Darbel,    Maillard,    Emery*).       The  rise  h  of    the 

*  I  cannot  agree  with  the  author  that  the  Emery  type  belongs  to  this 
group,  as  it  has  neither  mercury-column  nor  moving  liquid  in  the  above 
sense.  In  the  Emery  there  is  a  transmission  of  pressures  and  not  of 
liquid;  any  amount  of  increase  of  pressure  will  not  produce  or  permit 
transfer  or  motion  of  liquid,  except  as  is  made  possible  by  the  expansion 
of  the  hydraulic  chambers  and  tubes  containing  it.  The  pressures  trans- 
mitted are  instantly  balanced  by  greatly  reduced  forces  produced  by  small 
weights,  deposited  mechanically  by  hand,  through  a  lever  system  on  the 
plunger  or  cover  of  the  hydraulic  chamber. — G.  C.  Hg. 
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column  is  the  measure  for  P.     In  the  other  type,   Fig,  21, 
the  mercury-chamber    is    raised   until    the    indicator   shows 
that   equilibrium   has   been   established.     The  rise  h  is  the 
measure  for  P. 
It  is  given  by 

//  h 

P  =  -^  .  Z?' (French)     or     Z  =  - -^A  (U.  S.  Standard), 

in  which  Pand  L  are  the  load,  h  =  height  of  column,  76  cm 
and  30  in.  relatively  (French  and  American  height  of  standard 
mercurial  column  at  sea-level),  and  F  and  A  are  the  area  of 
surface  of  plunger  resting  on  mercury  (M  a  r  t  e  n  s  machine). 

65g.  Spring-gauges,  Fig.  22.  Instead  of  mer- 
curial, spring-gauges  may  be  used,  producing  a  construction 
in  which  the  principle  stated  under  e  is  used,  only  with  the 
difference  that  instead  of  direct  application  of  load  P,  it  is 
transmitted  hydraulically. 

This  method  of  measuring  loads  is  in  general  use.  In 
testing-machines  it  is  used  on  the  largest  machines  ever  con- 
structed, those  at  Phcenixville  and  Athens,  Pa.  (It  is  used 
in  the  old  Sellers  and  Whitworth,  and  N  a  p  o  1  i, 
and  Martens  oil  testing-machines,  and  generally  on 
hydraulic  presses.)  In  the  Charlottenburg  Laboratory  it  is 
used  on  machines  for  testing  stone.  Hydraulic  transmission 
and  reduction  of  pressure  is  used  by  Emery  in  connection 
with  a  balance  as  described  in  Section  65b,  Fig.  16. 

b.  Holding  Test-pieces. 

66.  In  order  to  hold  test-pieces  properly  in  the  test- 
ing-machine they  are  usually  provided  with  heads  or 
s  h  o  u  1  d  e  rs,  or  they  are  placed  in  grips  or  jaws,  without 
previous  preparation,  which  hold  them  by  friction  between 
their  surfaces. 

It  is  customary  to  use  pieces  of  circular  or  pris- 
matic section  for   t  e  n  s  i  o  n-t  est,   usually  rounds  or 
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flats;  in  crushing-tests  it  is  customary  to  place  the  pris- 
matic pieces  having  plane  parallel  end  surfaces  between  flat 
plates  of  the  holders  of  the  machine. 

A  few  of  the  typical  holders  shall  be  here  described ;  the 
detail  will  be  discussed  later  on. 

Holders  or  Grips  for  Tension-test. 

67.  Round  bars  are  either  provided  with  shoulders 
or  h  6  a  d  s  as  shown  in  Figs.  23  and  24,  or  they  are  used  as 
plain  cylinders. 

68.  In  case  of  use  of  heads,  loads  are  transmitted 
from  test-piece  to  jaws  either  by  use  of  the  bearing-surface 
under  heads  or  by  threads  cut  on  the  heads.  In  the  first 
case,  Fig.  23,  the  connection  between  test-piece  and  jaws 
consists  of  split  rings  or  blocks  a.  In  the  second  case,  Fig. 
24,  a  properly  formed  nut  acts  as  the  connecting  detail. 

69.  Gripping  a  plain  cylindrical  rod  by  serrated  wedges 
is  shown  in  Fig.  25.  These  wedges  slide  in  the  jaws  of  the 
machine,  their  smooth  backs  bearing  against  the  mutually 
inclined  surfaces  of  the  jaws,  and  thus  jam  their  inner 
serreted  surfaces  against  the  test-pieces  with  pressure  increas- 
ing with  the  loads  applied.  These  inner  surfaces  are  provided 
with  teeth  or  file-marks  very  fine  at  the  thin  end  and  increas- 
ing toward  the  thick  end  of  the  wedges.  When,  however, 
because  of  faulty  workmanship  or  defective  action,  the  bear- 
ing in  Fig.  23  is  not  true  or  normal,  or  when  in  Fig.  24  the 
axis  of  screw-threads  is  not  coincident  with  that  of  test-piece, 
or  when  in  Fig.  25  the  wedges  do  not  act  so  that  the 
resultant  of  all  forces  passes  through  the  axis  of  test-piece, 
then  oblique  stress  will  be  produced  in  the  latter. 

These  produce  flexure  of  the  bar,  and  the  result  of  test 
may  be  materially  affected.  Therefore  holding  devices  as 
shown  in  Figs.  23-25  should  be  used  only  when  nicely 
finished  test-pieces  and  properly  constructed  machines  are 
used;  otherwise  provision  must  be  made  which  excludes 
oblique  stress  as  much  as  possible. 
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70.  A  device  much  used  for  th?s  purpose  is  shown  in 
Figs.  26—29,  a  spherical  bearing.  Originally  test- 
pieces  were  provided  with  spherical  bearings  as  in  Fig.  26, 
but  accurate  results  were  extremely  difficult  to  attain,  and 
bars  produced  elsewhere  rarely  fitted  the  bearing-surfaces  of 
jaws  of  the  machine  on  which  they  were  to  be  tested.  There- 
fore forms  similar  to  that  shown  in  Fig.  27  have  been  generally 
adopted.  The  spherical  bearing-block  b  made  of  hard  steel 
fits  the  jaws  of  the  machine  and  is  recessed  on  the  back  to 
receive  the  split  ring  ay  on  which  the  shoulder  of  the  test- 
piece  takes  a  fair  bearing.  Bars  with  threaded  heads.  Fig. 
24,  are  usually  screwed  directly  into  the  nuts  provided  with 
spherical  bearings,  Fig.  28.  Gripping- wedges  are  also  simi- 
larly designed,  as  shown  in  Fig.  29. 

In  an  opinion  on  making  tests  of  resistance,  published  in  the 
"  Mittheilungen  "  (Z  lU)y  I  made  the  following  statements  about 
spherical  bearings:  ** A  spherical  bearing  is  to  meet  two  require- 
ments. Firstly,  it  is  to  equalize  irregularities  in  finish  of  heads  of  test- 
pieces,  and  secondly,  it  is  to  provide  for  possible  adjustment  of  the 
movable  parts  of  holders,  so  that  no  bending  moment  can  be  brought 
to  act  upon  test-piece.  The  second  condition  cannot  in  any  case 
be  met  completely  by  a  spherical  bearing  because  of  the  friction 
between  the  bearing-surfaces,  and  it  would  therefore  be  in  no  sense 
impracticable  to  dispense  with  movable  parts,  and  to  secure  the 
straining  mechanism  and  the  load-indicator  in  such  manner  that  all 
lateral  motion  be  prevented.  The  movable  parts  often  produce 
more  uncertainties  than  advantages.** 

"  The  contact  between  the  sphere  and  its  bearing  must  not  be  so 
constructed  that  the  one  or  the  other  takes  place  on  two  separate, 
mutually  movable  bodies  ;  the  spherical  part  and  its  seat 
must  each  be  composed  of  a  single  piece.  Both 
parts  must  be  so  formed  that  there  is  certainty  of  absolute  sphericity 
and  that  they  are  ground  or  scraped  together.  The  swivelling  action 
must  have  no  other  action  on  the  test-piece  than  that  produced  by 
the  friction  between  bearing-surfaces  ;  it  must  therefore  be  so  con- 
structed that  in  every  possible  case  of  mutual  displacement  of  end 
surfaces  the  axis  of  the  test-piece  pass  through  the  centre  of  sphere." 

These  conditions  are  fulfilled  in  the  construction  shown  in  Fig.  27. 

**  The  closer  the  actual  surface  of  contact  of  head  of  test-piece 
approaches  the  centre  of  sphere,  the  greater  may  be  the  displace- 
ment of  the  sphere  in  its  bearing  before  the  axis  of  test- piece  passes 
beside  the  centre  of  sphere  a  certain  (though  minute)  amount ;  and 
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the  greater  will  be  the  possible  adjustment  due  to  inaccuracy  of  the 
head." 

"  In  Fig.  30  a  spherical  bearing  is  shown  in  which  the  test-piece 
takes  hold  of  the  bearing  far  below  the  centre  of  sphere,  and  the 
spherical  surface  is  difficult  to  finish  accurately.  But  this  design  has 
the  advantage  of  making  the  test-piece  more  accessible  for  measure- 
ments during  test.  To  make  the  free  length  as  great  as  possible  C 
must  be  a  minimum,  or  the  head  must  be  threaded  as  in  Fig.  28 
(which,  however,  is  permissible  only  exceptionally,  becausescrew- 
threads  can  only  be  made  with  sufficient  accuracy  when  fitted  to 
accurate  gauges). 

71.  Bars  of  circular  section  can  only  be  cut  from  pieces 
of  ample  dimensions.  But  in  order  to  test  the  strength  of 
plates  or  other  thin  sheets  of  material,  it  is  customary  to  give 
them  a  quadrangular  section,  to  use    flat    bars. 

These  flat  strips  are  usually  of  uniform  thickness,  and  the 
ends  are  wider  and  shouldered.  The  end  is  sometimes  pro- 
vided with  a  hole  accurately  drilled  on  the  axis  of  the  body 
of  the  strip,  by  means  of  which  and  the  bolt  a  the  bar  is 
secured  in  the  grips  as  shown  by  Fig.  31,  It  is  also  possible 
to  grip  the  ends  of  the  test-piece  by  serrated  wedges,  as  in 
Fig.  32,  without  the  previous  milling  of  transverse  grooves. 
When  the  latter  are  provided,  the  wedges  are  grooved  with 
the  same  milling-cutter,  to  produce  a  perfect  fit.  In  this  case 
the  wedges  may  be  mere  liners,  as  the  test-piece  will  be  firmly 
held  by  the  grooves  and  ridges,  without  any  lateral  pressure. 
But  wedge-shaped  liners  answer  for  gripping  various  thick- 
nesses of  test-pieces.  Fig.  33  shows  how  this  is  attained  in 
a  somewhat  different  manner. 

V 

Bauschinger  strongly  recommended  the  use  of  wedges  with 
milled  grooves,  and  serrated  wedges  have  been  frequently 
much  objected  to.  I  believe  that  my  extended  experience  obliges 
me  to  express  my  opinion  on  this  subject,  by  stating  that  each 
method  when  used  at  the  proper  time  and  occasion  has  its  practical 
advantages.  Liners  with  milled  grooves  can  only  act  on  the  test- 
piece  in  a  faultless  manner,  i.e.,  without  producing  bending-stress, 
when  not  only  the  grooves,  but  the  liners  as  well,  are  made  with 
absolute  accuracy.  This  is,  however,  almost  an  impossibility,  as  will 
appear  when  considering  their  preparation.  To  mill  these  grooves 
the  bar  must  be  clamped  four  different  times  as  a  rule,  adjusting  it 
each  time  with  great  accuracy,  without  producing  the  slightest  flex- 
ure by  the  clamps,  if  the  grooves  are  to  be  directly  opposite  to  each 
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other  on  the  two  sides,  and  also  at  right  angles  to  the  axis  of  the  bar. 
It  is  of  course  possible,  when  working  on  a  bar  with  parallel  edges, 
to  provide  such  chucks  and  stops  in  a  milling-machine  that  a  great 
degree  of  accuracy  may  be  reached,  as  long  as  uniform  standard 
pieces  are  used  ;  but  even  then  this  becomes  doubtful  when  the 
cutters  are  dulled  and  must  be  reground.  Grooved  lines,  originally 
closely  fitting,  no  longer  fit  ;  individual  grooves  take  a  bearing, 
others  do  not,  and  complete  and  correct  bearing  between  ridges  and 
grooves  is  only  reached  when  the  crushing  limit  of  the  ridge  bearing 
first  has  been  passed.  This  occurrence  cannot,  however,  take  place 
without  producing  initial  bending-stress.  What  will  therefore  be 
the  results  when  poor  machines,  and  mechanics  not  carefully  trained, 
are  alone  available  ?  But  even  the  perfectly  prepared  test-piece 
will  only  fit  the  liners  before  being  placed  in  the  jaws  of  the  machine, 
because  it  is  exceedingly  difficult  to  prepare  surfaces  of  the  latter 
with  such  accuracy  and  maintain  them  in  this  condition  that  they 
fit  accurately  all  at  the  same  time.  ■  Liners  with  milled  grooves 
should  be  fitted  to  the  jaws  in  a  manner  similar  to  the  spherical 
bearings,  so  as  to  be  automatically  adjustable,  in  which  case  the 
errors  of  adjustment  in  the  jaws  might  perhaps  be  provided  for, 
without,  however,  equalizing  the  effects  due  to  inaccuracy  of  prepara- 
tion of  test-piece.  One  defect  which  has  a  most  serious  effect 
on  precise  measurements,  the  slipping  of  wedges,  may  be  avoided,  or 
at  least  minimized,  by  the  use  of  liners  with  milled  grooves. 

The  special  objection  to  serrated  wedges  was  raised  that 
they  injure  the  material  by  extreme  lateral  pressure  and  indentation, 
and  that  they  very  readily  produce  oblique  stress,  because  they  may 
act  more  eflFectively  at  one  edge  of  the  test-piece  than  at  the  other. 
This  cannot  be  denied  when  wedges  poorly  made  and  carelessly 
applied  are  accepted.  But  by  careful  selection  of  proportions  much 
may  be  achieved,  and  many  objections  are  based  on  prejudice. 

The  objection  to  excessive  lateral  pressure  is  often  valid  under 
special  conditions  ;  but  in  the  first  place  materials  are  sensitive 
to  lateral  pressure  in  a  varying  degree,  and  more  so  as  their  softness 
increases,  as,  e.g..  Zinc  (Z  115),  and  in  the  second  place  this  pressure 
may  be  reduced  by  increasing  the  bearing-surface  between  test-piece 
and  wedges,  or  even  distributed  by  proper  design,  that  the  pressure 
increases  toward  the  end  of  the  test-piece.  In  case  of  hard  mate- 
rials, such  as  hard  steel  and  bronze  wire,  test-pieces  also  frequently 
rupture  in  the  grips,  and  I  shall  refer  to  this  later  on.  Injury 
to  test-pieces  by  indentation  may  in  fact  be  avoided  by  fitting  the 
number,  size,  and  depth  of  serrations  to  the  material  to  be  tested. 
He  who  wishes  to  test  zinc  would  use  wedges  entirely  smooth  at  the 
thin  end  and  merely  roughed  by  a  file  at  the  soft  thick  end. 

Oblique  action  may  of  course  occur  when  wedges  are 
not  so  constructed  that  they  can  automatically  adjust  themselves  to 
inequalities  of  test-pieces  and  to  the  jaws  of  the  machine,  just  as  is 
the  Case  with  the  spherical  bearing.  This  can,  however,  be  attained 
to  at  least  a  very  satisfactory  degree,  as  shown  below. 
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72.  Spherical  bearings  are  also  used  in  case  of 
flat  bars  to  equalize  those  irregularities  of  shape  as  much 
as  possible,  which  lead  to  oblique  stress.  Fig.  34  shows  a 
type  of  this  design.  This,  however,  permits  the  use  of  only 
narrow  strips,  otherwise  the  dimensions  become  awkward. 

In  routine  work  it  is  not  always  possible  to  provide  accu- 
rately finished  test-pieces.  Therefore  many  gripping-devices 
are  in  use  which  permit  gripping-pieces  provided  with  heads 
of  trapezoidal  section,  as,  e.g.,  pieces  cut  from  flanges  of 
beams  and  channels,  which  are  to  be  tested  without  planed 
surfaces.  As  an  example  Fig.  35,  showing  the  M  oh  f  and 
Federhaff  design,  is  given.  In  this  the  head  of  test- 
piece  is  provided  with  a  hole  which  fits  a  bolt,  also  fitted  to 
holes  in  both  wedges.  This  prevents  precession  of  either 
wedge  or  of  the  test-piece;  at  the  same  time  the  wedges  may 
revolve  about  this  bolt  d,  thus  making  adjustment  to  the 
sloping  sides  of  the  test-piece  possible,  while  their  backs  take 
a  proper  bearing  in  the  jaws. 

There  is,  however,  another  method  used  with  practical 
success  in  the  Charlottenburg  Laboratory  since  many  years. 
In  this  type  broad  wedges  with  cross-serrations  are  used, 
which  take  hold  of  the  central  part  of  the  ends  of  test- 
pieces,  which  latter  have  been  slightly  milled  at  their  edges, 
as  shown  by  Fig.  36. 

In  the  device  just  described  the  proper  function  of  the  gripping- 
device,  that  of  causing  rupture  of  the  test-piece  at  its  centre,  is 
retained  by  it.  With  earlier  types  of  wedges,  especially  when  the 
shape  of  the  jaws  had  become  slightly  changed  by  frequent  use, 
or  when  thin  wedges,  heavily  strained  by  testing  large  sections, 
suffered  small  deformation,  it  happened  that  mirror  apparatus, 
attached  on  two  sides  of  the  test-piece,  showed  very  different  exten- 
sions by  the  opposite  mirrors  ;  a  sign  that  stress  had  been  applied 
asymmetrically.  Since  using  the  new  method  the  results  have  been 
materially  improved.  Care  must^  however,  be  had  not  to  make  the 
central  gripping-surfaces  too  narrow  and  the  heads  short,  because 
this  will  produce  local  overloading,  the  respective  surfaces  yield  and 
influence  (even  previously  thereto)  the  distribution  of  stress  over  the 
cross-section,  thereby  producing  stress  of  the  central  fibres,  as  well 
as  strain,  which  exceed  those  in  the  outer  fibres.     Practical  require- 
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ments  are  that  such  dimensions  be  selected  that  the  end  surfaces 
plane  before  test  shall  in  the  worst  case  show  only  the  slightest 
bulging  after  test  (see  Fig.  36). 

Holders  for  Crushing-test. 

73.  The  crushing-test  cannot  be  made  on  comparatively 
long  pieces,  as  in  case  of  tension-tests;  the  sample  must 
indeed  be  made  very  short,  in  order  to  avoid  complicated 
action  and  to  prevent   lateral  flexure  or  buckling. 

As  a  rule,  test-pieces  for  the  crushing-test  are  made  of 
circular  or  square  section  with  parallel  end  surfaces,  and  of  a 
length  not  to  exceed  twice  the  diameter  or  length  of  side. 
The  test  is  made  between  two  parallel,  sufficiently  hard  plane 
surfaces  of  the  machine,  which  take  the  place  of  the  jaws. 
In  order  to  insure  perfect  bearing  against  the  pressure-sur- 
faces one  or  both  are  habitually  made  adjustable,  by  giving 
them  spherical  bearings  like  Figs.  37  and  38.  In  order  to 
adjust  the  pressure-surfaces  parallel  to  each  other  and  main- 
tain them  in  this  position,  especially  in  horizontal  machines, 
the  pressure-plates  are  provided  with  three  or  four  adjustable 
studs  bearing  against  their  backs,  as  in  Fig.  38. 

A  defect  found  in  many  machines,  especially  those  much 
used,  is  this,  that  the  details  themselves  carrying  the  jaws 
permit  greater  or  less  lateral  motion.  This  defect  is  of  great 
importance  in  crushing-tests,  because  in  them  what  may  be 
termed  unstable  conditions  exist,  which  produce  the  tendency 
to  lateral  motion,  while  the  stresses  in  tension-tests  tend  to 
adjust  themselves  about  the  axis.  Its  disturbing  effect  is 
greater  as  the  length  of  test-piece  decreases.  It  is  of  primary 
importance  that  machines  must  be  so  designed  that  this  is 
avoided,  but  a  careful  operator  will  always  presuppose  its 
existence  and  attempt  to  avoid  or  exclude  it.  Its  effects 
become  most  disturbingly  manifest  in  observations  of  elastic 
deformations. 

For  this  reason  I  built  the  apparatus  shown  in  Fig.  39  for 
the   Charlottenburg  Laboratory,    in  which    carefully  ground 
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pressure-plugs  move  in  a  cast-iron  frame,  thus  avoiding  any 
and  all  lateral  motion  of  pressure-surfaces.  But  in  order  that 
the  pressure  of  the  machine  be  transmitted  axially  and  also 
be  measured  with  greatest  possible  accuracy,  the  pressure- 
plugs  rest  against  spherical  bearings.  The  tendency  of  the 
parts  of  the  machine  to  lateral  motion  is  reduced,  because 
the  distance  between  movable  points  (length  of  test-pieces 
plus  length  of  both  pressure-plugs  to  the  centres  of  the 
spherical  ends)  is  materially  greater  than  the  length  of  test- 
piece  alone.  This  device,  however,  also  possesses  a  defect, 
but  which  is  probably  without  practical  importance.  In  such 
bodies  which  are  not  homogeneous  the  (frictionless)  rolling 
motion,  under  varying  resistance,  would  tilt  the  pressure-sur- 
face. This  is  of  course  impossible  in  construction,  Fig.  38; 
but  a  spherical  bearing,  as  that  in  Fig.  37,  may  be  fitted  to 
the  foot  of  the  lower  plug  to  permit  of  this  action.  It  must, 
however,  be  remembered  that  friction  of  the  bearing  will  also 
in  this  case  act  disturbingly.  The  device  Fig.  39  has  proven 
quite  satisfactory  in  numerous  and  frequently  very  difficult 
investigations. 

c.  Measurements  of  Deformation  and  Measuring-apparatus. 

74.  At  this  time  I  shall  give  a  short  review  of  measure- 
ments and  apparatus  used  for  same  in  making  tests  of 
materials,  and  shall  limit  it  to  the  necessities  of  the  later 
sections. 

Further  reflections  on  methods  of  making  these  measure- 
ments will  become  necessary  in  the  following  paragraphs;  the 
various  designs  of  apparatus  in  particular,  and  their  sources  of 
errors,  will  be  jointly  discussed  more  fully  later  on. 

A  distinction  is  to  be  drawn  between  rough  and  pre- 
cise measurement^  for  determination  of  dimensions 
and  deformations  of  test-peces,  in  the  latter  of  which  we  are 
concerned  with  determinations  of  changes  of  length  of  yj^ir 
in.  (o.ooi  cm  =  mm  10"*),  or  more  frequently  of  yTrhnr  i'^* 
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in  United  States  and  English  measure.  Autographic  records 
of  stress-strain  diagrams  might  be  here  considered  as  well;  it 
is  preferred,  however,  to  treat  of  them  more  fully  at  the  end 
of  the  book. 

75.  Rough  measurements  for  determination  of  dimen- 
sions of  test-pieces  are  made  with  familiar  apparatus,  such  as 
scales,  calipers  and  gauges,  sliding  and  screw  verniers,  etc. 
Readings  of  the  divisions  are  as  a  rule  as  fine  as  t^^-q  or 
tA^tt  ^^'  (0.0 1  or  0.00 1  cm),  and  tenths  are  estimated.  In 
the  United  States  and  England  j^j^^i^  and  i^^q^)  in.  are  usu- 
ally the  finest  readings,  with  same  estimation  of  whole  divi- 
sions. The  instruments  themselves  must  of  course  be  free 
from  coarse  errors,  to  be  determined  initially,  and 
actual  measurements  must  be  made  with  careful  elimination 
of  defective  manipulation. 

Special  apparatus  must  usually  be  employed  for  the  deter- 
mination of  deformations  during  tests. 

The  principle  of  making  measurements  of  deformation 
directly  on  the  test-piece  whenever  possible  should  be  gener- 
ally observed,  and,  not  indirectly  by  relative  displacement  of 
parts  of  the  machine  (such  as  jaws,  cross-heads,  etc.).  The 
latter  is  permissible  only  when  practical  considerations  compel 
it,  and  when  absolute  knowledge  about  possible  errors  has 
been  obtained.  These  errors  may  be  caused  by  relative  dis- 
placement of  parts  of  the  machine,  by  elastic  deformation  of 
such  parts,  and  other  causes ;  they  must  be  determined  by 
actual  test  or  calculation  if  they  are  likely  to  produce  im- 
portant effects.  When  the  test-piece  is  held  by  wedges,  their 
slipping  during  loading  may  appear  as  errors  in  extension. 
When  the  test-piece  is  shouldered  (Fig.  36),  or  otherwise  departs 
from  the  prismatic  form,  its  true  length  /^,  to  which  the  meas- 
ured extension  relates,  cannot  be  easily  determined,  and 
changes  during  test.  The  values  found  may  therefore  be 
seriously  aflfected. 

76.  Direct  rough  measurements  are  usually  made 


6o  A.    Resistance  of  Materials.  (77-) 

by  determining  the  variation  of  distance  between  two  marks 
on  the  test-piece. 

In  Charlottenburg,  scales  divided  in  millimeters  or  in 
per  cents  of  original  length,  /^  (gauge  length),  and  with  a  groove 
on  the  bearing-edge,  are  used.  Such  wooden  scales  are  at- 
tached by  means  of  a  wire  clamp  a,  Fig.  40,  in  such  a  man- 
ner that  the  o  (zero)  coincides  with  a  scribe-mark  on  the  test- 
piece,  while  the  other  gauge-mark  indicates  the  extension  in 
mm  or  in  ^  of  length  /.  Care  must  be  had  that  the  zero 
and  gauge  marks  remain  in  juxtaposition,  which  is  easily  at- 
tained by  placing  a  very  small  bit  of  wax  under  the  scale  at  this 
point.  A  similar,  very  practical  device  consists  of  a  thin  strip 
of  sheet  metal,  shown  in  Fig.  41  ;  it  is  held  by  a  knife-edge-end 
fitting  into  a  scribe-mark,  and  merely  lies  on  the  test-piece 
when  horizontal,  sometimes  carrying  a  small  weight  at  a. 
When  used  vertically,  spring  clamps  hold  it  in  position.  As 
long  as  the  length  to  be  measured  lies  between  0.027  and  0.06 
in.  (0.07  and  0.15  cm)  tenths,  or  -j^^-  per  cents,  may  still  be  es- 
timated with  sufficient  accuracy  for  very  many  purposes. 

77.  Test-pieces  for  crushing-tests  are  generally  so  short,  and 
pressure-plates,  in  order  that  they  may  be  appropriate  for  all 
possible  cases  arising,  frequently  are  of  such  large  dimensions, 
that  direct  measurement  at  the  test-piece  becomes  impossible. 
Very  many  instruments  for  the  purpose  are  therefore  designed 
with  this  in  view,  and  reliance  is  placed  on  measurement  of 
relative  motion  of  the  pressure-plates,   care  being   had  that 

they  do  not  deviate  from  their  original  parallelism,  or  provision 

« 

must  be  made  for  measurement  of  possible  displacements,  or 
elimination  of  same. 

Bauschinger  {L  116)  constructed  a  simple  apparatus 
for  this  purpose.  This  apparatus,  especially  suitable  for  hori- 
zontal tests,  is  shown  in  principle  in  Fig.  42,  which  can  be 
modified  in  many  ways.  A  knife-edge,  ^,  is  placed  on  one 
head  of  the  machine,  or  fastened  thereto  by  a  bit  of  wax ;  while 
a  roller  running  on  points  is  secured  to  the  other.     A  wooden 
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bar  rests  on  the  knife-edge  and  roller,  and  is  loaded  if  necessary. 
As  the  friction  on  the  knife-edge  a  is  greater  than  that  of 
the  pin-supported  roller  r,  the  latter  will  revolve  when  the 
heads  approach  each  other,  and  the  pointer,  being  rigidly 
secured  to  the  roller  axis,  will  indicate  the  angle  of  revolution 
of  the  roller  on  a  greatly  magnified  scale  on  the  divided  circle 
m.  The  proportion  of  roller  and  indicator  and  the  divisions 
on  the  circle  may  be  so  chosen  that  the  apparatus  can  readily 
indicate  ^iir  ^"*  (o.oi  cm),  and  it  is  possible  to  estimate  -^[-^^  in. 
{0.001  cm).  The  multiplication  has  been  shown  by  experience 
to  be  quite  reliable,  and  therefore  the  principle  here  shown  has 
been  largely  used. 

After  students,  who  generally  come  to  the  laboratory  in  a  condi- 
tion of  total  un preparedness,  have  attended  a  series  of  exhibition 
tests  and  measurements,  I  let  them  devote  one  or  two  days  to  the 
determination  of  errors  of  scales  and  measuring-apparatus.  In  this 
work  the  possible  sources  of  error  are  briefly  discussed,  and  the  first 
opportunities  for  independent  laboratory  work  are  given. 

78.  Measurements  of  precision  are  primarily 
used  in  determination  of  elastic  properties  of  bodies  to  be 
tested,  and  also  for  the  location  of  the  F-point.  In  these  cases 
not  only  the  principle  above  laid  down,  that  measure- 
ments must  be  made  directlyon  the  test-piece, 
holds  good ;  but  in  addition  the  following :  that  they  shall 
invariably  be  made  on  at  least  two  opposite 
elements  of  the  t  e  s  t-p  i  e  c  e,  must  be  especially  observed. 
This  is  necessary  in  order  to  counteract  or  determine  the 
effects  of  minutely  oblique  gripping,  flexure  of  test-pieces,  or 
non-homogeneity  of  material. 

These  causes  produce  unequal  readings  of  the  opposite  ' 
instruments.     At  the  same  time  the  determination  of  averages 
eliminates  errors  in  determination  of  changes  of  length  when 
they  are  not  too  great. 

The  number  of  instruments  of  precision  is  very  great ; 
therefore  only  the  principles  underlying  their  construction  can 


62  A.   Resistance  of  Materials.  (79,  80  ) 

be  here  discussed,  and  for  this  purpose  micrometers  and  mirror 
apparatus  shall  be  selected. 

79,  Elastic  extensions  of  materials  are  almost  invariably 
minute ;  and  as  test-pieces  are  generally  made  as  small  as 
possible  in  order  to  save  material,  cost  of  preparation,  and 
cost  of  testing,  i  nst  ru  m  en  ts  of  precision  for  deter- 
mination of  small  changes  of  length  must  possess 
the  greatest  possible  accuracy. 

The  smallest  factor  of  extension  which  is  met  with  in 
testing  materials  is  probably  that  of  hard  steel;  it  is  hardly 
less  than 

*  ^^=  0.000000  118  in.  or  =  0.0000003  =  3. io'7  cm. 

When  making  tests  withifO:rements  of  load  of  1422  lbs.  per 
sq.  in.  (=  ikg/mm  =  100  at.),  which  are  suitable  for  practical 
work,  there  will  be  an  extension  of 

e^  =  CfS  =z  0.000000  118X  io'=o.ooboii  8  in.  (=  3.10"' .  lo* 

=  0.00003  cm) 

for  each  0.3937  of  gauge  length  (0.01  m). 

80.  By  using  an  accurate  micrometer,  having  5  threads 
per  0.03937  in.  length  (i  mm),  the  head  of  which  is  divided 
into  100  parts,  values  of 

0.3937  =  0.000007854      { =  2  .  io~M 

50.100    ^^^'  '    ^^      \5o .  100  / 

can  be  readily  read,  and  tenths  of  this  value  could  be  esti- 
mated ;  the  estimated  values  would,  however,  have  noticeable 
errors.* 

If  it  be  desirable  to  use  such  a  micrometer  for  reasonably 
accurate  measuremjents  of  extension  due  to  AS  =  100  at.  in 
case  of  hard  steel,   the  total  extension  Ae^t   under  stress  of 

*  The  facile  use  of  the  metric  system  wiU  no  doubt  strike  all  readers. — 
G.  C.  Hg. 
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100  at.  would  have  to  be  a  sufficiently  large  multiple  of  the 
above  factor  of  extension,  in  order  that  the  errors  of  observa- 
tion do  not  become  too  great.  Assuming  that  5  times  the 
above  factor  suffices,  Ae<jl>  under  AS  =  100  at.  should  be 

^^^^=5X0.000007854=0.00003937  (or  5.2.10""*=  io~'cm). 

In  order  to  obtain  this  extension,  the  gauge-marks,  between 
which  these  accurate  measurements  are  to  be  made,  the 
gauge  length  for  precise  measurement,  should  be 

/,  =  —  =  13  m.  (or    ^^,>  or  00  33  cm). 

Micrometer-screws  with  such  fine  threads  are,  however, 
unpractical  for  use,  their  testing  and  calibration  is  very 
laborious,  and  the  maintenance  of  the  apparatus  in  perfect 
condition  is  exceedingly  difficult.  Therefore  coarser  threads 
are  commonly  used  of  .019685  or  .03937  in.  {\  or  i  mm) 
pitch  ;  in  the  United  States  and  England  iir  or  ^  in.  pitch 
and  250  or  200  divisions  of  head.  Hence  either  the  gauge 
length  Ig  or  the  increments  of  load  AS  must  be  increased 
correspondingly.  The  apparatus  is,  however,  always  ques- 
tionable, because  the  micrometer-heads  make  its  attachment 
to  the  test-piece  difficult  (Fig.  43),  which  should  be  very 
positive,  and  because  even  then  the  unavoidable  touch  of 
the  apparatus  by  hand  while  making  measurements  seems  to 
endanger  its  adjustment. 

Micrometers  are  in  general  use  in  the  United  States  and 
England  for  measurements  of  elastic  deformations.  These 
instruments  have  probably  been  introduced  there  for  the 
reason  that  heretofore  less  value  has  been  placed  upon 
ni^asurements  of  precision  than  in  Germany, 
y^^^  81.  In  1873  Bauschinger  introduced  a  method  of 
-^  measurement,  in  which  he  used  the  Gauss  method  of  mirror 
readings ;  instruments  constructed  on  this  principle  are  called 
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"mirror  apparatus'*  by  the  craft  engaged  in  testing 
materials,  Bauschinger's  method  has  proved  itself  very 
practical,  and  is  used  in  Germany  in  all  official  testing  labora- 
tories, and  in  many  government  shops,  etc.  In  mirror  ap- 
paratus, c  h  a  n  g  e  of  length  is  converted  into  rotary 
motion  of  the  mirror,  which  is  read  off  from  scales 
mounted  at  suitable  distances,  by  means  of  a  telescope.  These 
instruments  are  almost  always  attached  to  the  test-piece  in 
duplicate,  thereby  measuring  changes  of  length  on  two  op- 
posite fibres  of  the  materfal. 

82.  In   Bauschinger's    mirror  apparatus,  the   same 
principle  used  in  case  of  the  roller  apparatus  (//)  is  employed, 

■ 

multiplication  being  produced  by  the  rollers.  A  stirrup  having 
two 'opposite  knife  edges  is  clamped  to  the  test-piece.  Fig.  44, 
and  carrying  two  small  pivoted  rollers  r,  the  prolonged 
axes  of  which  carry  the  mirrors  S.  Springs  /  bearing  against 
the  rollers  are  held  in  position  by  a  screw-clamp  ^,  the  knife- 
edges  thus  bear  against  the  test-piece,  while  the  other  ends  bear 
against  the  rollers  r.  Hence  when  the  test  length  /,  elongates, 
the  rollers  are  caused  to  revolve  because  of  the  friction  be- 
tween them  and  the  springs.  The  springs  therefore  act  on  a 
constant  lever-arm,  namely  the  roller  radius  r,  and  the  other 
lever-arm  is  replaced  by  a  ray  of  light,  without  weight,  which, 
because  of  the  mirror  effect,  traverses  twice  the  angle  of  rota- 
tion of  the  roller.  Thus  the  length  of  this  ideal  lever-arm  is 
equal  to  twice  the  distance  A  between  the  scale  M,  and  the 
axis  of  the  roller. 

The  velocity  ratio  and  hence  the  multiplication  of  the  ex- 

r  ! 

tension  t^  indicated  by  this  apparatus  is  the  proportion  —.A.     .  ^ 

^  * 

This  would  be  strictly  accurate  if  the  scale  M  were  placed 
around  the  circumference  of  a  cylinder  whose  centre  coincides 
with  that  of  the  roller.  But  as  the  error,  when  the  angular 
motion  of  the  rollers  is  small,  and  in  fact  for  our  purposes, 
which  chiefly  relate  to  comparisons  may  practically  be  con- 


f  1 


/ 
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sidered  negligible,  it  is  preferred  for  reasons  of  convenience  to 
use  the  straight  scale.  This  may  then  be  mounted  at  any  de- 
sirable distance  from  the  roller  axis.  Thus  the  magnification 
of  e  is  completely  under  control. 

83-  The  ratio  of  the  ideal  lever  system  is 


n  = 


2  A' 


and   as  two  mirrors  are  invariably  used  simultaneously,  half 
the  sum  of  the  readings  a:  +  /z, : 

J-— L„  =  ^  =  (^  4.  ^J 


4^- 

The  scale  is  divided  in  millimeters  (or  in  ^  of  length  /,). 
If  the  reading  (a  -j-  <2j)  =  i  mm,  i.e.  o.  i  cm,  is  to  show  the 
extension  of  the  test-piece  e  =  o.oooi  cm,  or  in  the  sense  as 
explained  under  Section  80,  the  value  for  one  unit  division  of 
length  =  lO"*  cm,  in  case  of  a  radius  of  roller  r  =  0.3  cm : 

m^{a  +  a,)-^     or     lo  '  =         ^        . 

or  the  distance  of  the  scale  for  mirror  axis 

A  =  ^^ T  =  75  cm. 

4.10"*       '-^ 

The  only  mirror  apparatus  built  to  U.  S.  and  British  standards 
is  the  "  Henning,"  in  which  the  scales  are  divided  into  hundredths  of 
inches,  the  scales  are  distant  5  ft.,  and  the  diameter  of  roller  (knife- 
edges)  is  o.  24  in.  ;    hence  A  = ^      =  60  in.  =  5  ft. 

4  X  1000 

— G.  C.  Hg. 

84.  When  the  graduation  of  the  scale  is  such  that  the 
field  covered  by  the  width  of  the  cross-hairs  in  the  telescope 
is  relatively  only  a  small  part  of  it,  then  even  tenths  may  be 
estimated  with  great  accuracy.  In  this  case  values  could  be 
estimated  to  the  Yfr^mnf     These  values  obtained  from  actual 
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(85.  86  ) 


use  show  that  not  only  the  estimated  values  are  quite  accurate, 
but  also  that  the  transfer  of  motion  of  the  rollers  by  the 
friction  between  the  latter  and  the  springs  /,  Fig.  44,  is  very 
positive. 

85.  When  using  the  ipcrements  of  load  of  As  =  1422  lbs. 
(=  100  at.)  as  in  the  case  of  micrometers,  and  assuming  a  strain 
of  5  times  the  factor  of  extension,  then 

L  =  - —  =  — -  =  6.69  in.(= .  or   00  17  cm). 

Because  of  the  great  accuracy  of  readings,  the  gauge-length 

may  be  taken  still  smaller. 

f 

86.  When  taken   strictly,   the  equation  n  =  — -^,  as  has 

been  already  stated,  does  not  accurately  represent  the  ratio  of 
the  apparatus.  It  is  necessary  to  obtain  a  knowledge  of  the 
errors  committed. 

In  Fig.  45  let  a  be  the  angular  motion,  A  the  distance  of 
scale ;  then  the  true  reading  would  be  the  length  of  arc  a\ 
while  actually  a  length  a  was  read  off  on  the  tangent.  But 
a  =  A  tang  2a,  or  tang  .2a  for  A  =  i.  The  length  of  arc 
for  radius  i  and  one  degree  of  arc  is 


Aa'  =. 


2.i;r 
360 


0.017453. 


Calculating  the  values  of  a  for  various  angular  motions  a  of 
rollers  =  tang  2a  and  a^  and  stating  the  differences  between  the 
values  of  the  two  in  5^  of  «',  we  will  then  have  the  errors  by 
which  a  has  been  found  greater  than  «',  as  follows : 

T»ble  5.  Errors  of  Mirror  Apparatus  when  reading  off  on  Fiat  Scale. 
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0.03  Id 

0.17 

0.36 

0.66 

1.03 
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If  it  is  desired  to  picture  to  oneself  all  possible  errors  when 

making  a  tension-test,   the    following   conditions  should   be 

noted : 

If  the  /*-limit  in  case  of  the  steel  test-piece  is  found  at  42,660 
lbs.  (3000  at.),  and  /« =  5.9  in.  ^15  cm),  then  for  a  =  0.0000003 

e  ^=^  a ,  slt'=  0.0000003  X  42,660  X  5.9  =  0.0683562. 

If  besides  the  radius  of  roller  is  r  =  o.ii8ii  and  circumfer- 
eYice  of  roller  =  2 .  tt.  0.11811  =  .710692,  then  the  angle  of  motion 
of  the  mirror  for  e  =  0.005315  = 

J           0.005315      ^  00 

^  a  =: ^^  .  360  =  2.58  . 

^  0.710692   '^  ^ 

Hence  the  error  when  using  the  fiat  instead  of  curved  scale  is 
according  to  Table  5  less  than  0.4^.  If  it  should  at  times  become 
necessary  to  attain  greater  accuracy,  it  is  easy  to  make  the  correc- 
tions by  calculation  or  by  comparison  with  table  of  corrections  for 
Gauss*  Readings,  which  are  published  in  many  places.  Fig.  45 
will  show  at  a  glance  that  this  error  may  be  reduced  by  one  half 
if  care  be  taken  that  the  initial  and  final  readings  be  equally  dis- 
tant from  the  normal  to  the  scale  passing  through  the  axis  of  mirror. 
Moreover  when  the  above  method  is  to  be  avoided,  it  is  easy  to  de- 
crease the  value  6f  A  slightly,  so  that  the  error  inherent  in  some  of 
the  readings  may  become  negative. 

87.  Bauschinger's  apparatus  is  so  designed  in  detail 
that  it  is  somewhat  heavy ;  having  been  constructed  with  the 
special  purpose  of  use  on  the  W  e  r  d  c  r  machine,  it  is  rather 
difficult  to  use  it  in  a  vertical  position.  It  was  therefore  de- 
sirable for  the  Charlotte  n  burg  Laboratory,  in  which 
much  work  was  done  on  vertical  machines,  to  have  an  apparatus 
which  was  handy  and  applicable  for  a  variety  of  purposes.  This 
was  my  incentive  for  designing  a  number  of  mirror  apparatus 
which  were  built  by  the  laboratory  mechanic. 

88.  In  the  Martens  Mirror  Apparatus  the  roller 
is  replaced  by  a  piece  of  steel  of  rhombic  section  which  carries 
the  mirrors.  This  body,  r,  Fig.  46,  rests  with  one  edge,  o,  in  a 
groove  in  the  spring  /,  while  the  other  bears  against  the  test- 
piece,  being  held  against  it  by  means  of  spring  clamps  d 
straddling  the  springs  /.  The  other  knife-edge  ends  of  these 
springs  bear  against  the  test-piece.      Thus  the  rollers  of  the 
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(89.) 


A 


Bauschinger  appai'atus  are  done  away  with.  During  ex- 
tension of  the  test-piece  the  mirrors  revolve,  which  is  deter- 
mined by  reading  a  scale  Mhy  the  telescope  F.  The  distance 
across  the  opposite  knife-edges  carrying  the  mirrors  is  the 
measure  of  r.  The  plane  of  the  mirrors  lies  in  the  axis  of 
revolution  a.  Fig.  47. 

When  the  mirror  revolves  around  0  through  an  angle  a,  the 
beam  of  light  travels  over  2a,     Hence 

e  =  r  sin  a  and  a  =  A  tang  2a,  or 


the  ratio 


__  e  _     r  s\n  a 
a^  A  tang  2a 


But  as  only  small  angles  a  are  traversed  we  may  say  that 
n  is  approximately 


e       r  I 
a      A2   ^ 


And  as  two  mirrors  are  used  simultaneously,  it  follows  that, 
expressed  by  the  sum  of  both  readings  a  and  a^, 


e  =  — — -*  «  =  (tf  +  a:) 


2  ^      '      -^.-i' 

as  was  the  case  in  the  Bauschinger  apparatus. 

89.  Calculating  a  table  of  errors  as  was  done  in  case  of  the 
Bauschinger  apparatus,  and  in  order  to  obtain  a  knowl- 
edge of  their  magnitude  from  the  equation  n  =  r/2A  for  the 
same  angles  or,  we  shall  obtain  the  following : 

Table  6 .    Errors  in  Martens*  Mirror  Apparatus. 
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The  values  given  in  the  last  line  show  the  amounts  by 
which  the  true  values  are  less  than  those  obtained  by  the  ap- 
proximate determination. 

By  comparing  these  results  with  those  in  Table  5  it  will  be 
seen  that  the  apparatus  is  theoretically  less  accurate  than  that 
of  Bauschinger  when  using  equal  values  for  r.  But  practical 
advantages  are  obtainable  because  of  its  design,  and  by  choice 
of  proper  values  for  r  and  slight  change  of  A  (as  stated  in  Sec- 
tion 86),  so  that  it  can  be  made  equally  accurate  with  the 
Bauschinger  apparatus,  although  it  contains  other  theoretical 
sources  of  error.       ^ 

a.  It  is  not  always  easy  to  place  the  knife*edges  in  the  same 
initial  position  on  the  test-piece,  and  the  effect  of  the  difference  of 
angle  p  with  the  normal  to  the  scale  must  be  determined. 

According  to  Fig.  48, 

\  =  rFsin  (oL  +  A)  —  sin  fi\  in  Case  I,  or 
A.  =  r[sin  \a  ■—  P)  -\-  sin  p\  in  Case  II. 

Hence,  as  <z  =  A  tang  2ar, 

A,  sin  {a  -k.  S)  '^  sin  fi 

«  =  -  =  r . 

a  A  tang  2a 

Table  7  is  calculated  precisely  as  Nos.  5  and  6. 

Table  7.    Errors  iu  Martens'  Mirror  Apparatus  due  to  Improper 

Initial  Adjustment. 

a  =  angle  of  rotation;  fi  =  angle  of  initial  adjustment. 
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Table  7  shows  that  adjustment  as  in  Case  II  is  more  favorable. 
For  this  reason  it  is  advisable  to  make  the  distance  between  knife- 
edge  and  groove  on  springs  /  a  little  greater  than  /,  (Fig.  46)  on 
the  test-piece. 
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b.  Taking  the  dimensions  of  the  apparatus  used  at  the  Char- 
lottenburg  Laboratory  as  an  example,  and  calculating  the  angle  a 
as  was  done  in  case  of  the  Bauschinger  apparatus,  obtained 
as  under  conditions  stated  in  Section  86,  we  shall  find  when  Sp  = 
42,660,  /«  =  5.9,  a  =  0.0000003;  and  again  when  e  =  0.005315, 
and  a  width  over  knife-edges  =  0.157  +> 

^          0005315  ^  ,0 

sin  a  =  -  = ^^-r-,  or  ^  a  =  1.56° 

The  error  committed  by  reading  on  a  flat  scale  and  bv  using  the 
approximate  value  of  «  =  0.5  will  not  exceed  (/?  =  3  )  0.4^,  as 
shown  by  Table  7,  even  when  assuming  a  very  inaccurate  initial  ad- 
justment ;  hence  the  work  is  done  under  conditions  equally  as  favor- 
able as  when  using  Bauschinger 's  apparatus,  which  is  attained 
by  the  possible  use  of  a  larger  value  of  r. 

I  shall  not  refer  to  the  manifold  applicability  of  the  fundamental 
principle  used  by  myself,  but  shall  at  this  time  content  myself  with 
referring  to  this  subject  later  on  in  this  work,  merely  calling  par- 
ticular attention  to  the  fact  that  I  there  describe  means  and  ways 
to  materially  reduce  the  errors  above  discussed. 

90.  In  addition  to  the  singular  errors  of  theory,  there  are 
those  due  to  the  construction  and  to  the  method  of 
observation  common  to  both  types  of  mirror  apparatus, 
as  well  as  those  due  to  external  condition,  which  must  be  con- 
sidered. However,  it  cannot  be  the  object  of  this  handbook  to 
discuss  this  entire  series  of  sources  of  errors  exhaustively,  al- 
though it  is  perhaps  desirable  to  consider  the  most  important, 
because  the  work  of  many  an  observer  will  be  facilitated,  and 
casual  annoyance  avoided,  by  calling  his  attention  to  points 
easily  forgotten  at  first,  or  which  may  be  over  estimated.  It  is 
in  fact  the  highest  art  of  the  observer  to  avoid  sources  of  error 
as  much  as  possible,  and  to  minimize  their  eflfect. 

91«  The  accuracy  with  which  mirror  apparatus  works 
is  primarily  dependent  upon  the  accuracy  with  which  the  two 
chief  factors  r  and  A  have  been  determined,  and  that  the  scale 
is  correct. 

The  length  A  can  easily  be  measured  to  -^  in.  (0.05  cm). 
In  this  case  the  accuracy  is  ±  "bV/-^*  ^^  when,  as  in  actual 
conditions,  A  is  taken  as  5  ft.  (or  100  cm  in  Europe),  the 
accuracy  of  measurement  of  ^  =  3V/^  =  ^ijW  (^^  O.05/100 
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=  j^^flfl  German).     If  it  is  desirable  to  have  the  same  accuracy 
for  values  of  r,  then  r  must  be  measured  to  an  accuracy  of 

,  or  when  r  =  0.24,  then  - —  =  0.00008  in.  (or  German 


3000  3000 

04    _     I    \ 
2000       5000/ 

92.  Special  instruments  of  precision  are  of  course  neces- 
sary for  this  purpose,  whose  errors  have  been  accurately 
determined,  and  which  are  maintained  under  constant  super- 
vision. Instruments  of  this  kind  are  described  further  on ; 
they  are  very  expensive,  and  but  few  public  institutions  are 
provided  with  them.  Those  who  do  not  possess  them  act 
wisely  by  having  the  rollers  or  knife-edges  of  their  mirror 
apparatus  compared  from  time  to  time,  because  both  change 
their  dimensions  by  use.  In  the  case  of  the  Bauschinger 
apparatus  the  change  of  diameter  of  rollers  is  rarely  visible 
externally,  while  changes  of  knife-edges  are  generally  visible ; 
the  edges,  originally  sharp,  take  a  polish. 

93.  The  rollers  of  the  Bauschinger  apparatus  must 
also  be  examined  for  uniformity  of  diameter,  and  whether  the 
surface  is  concentric  with  the  axis  of  rotation.  In  the 
Martens  type  it  must  be  ascertained  whether  the  two  knife- 
edges  lie  in  a  plane,  and  are  also  strictly  parallel  to  each  other. 

94.  The  plane  of  the  reflecting  surface  should  pass 
in  both  types,  as  nearly  as  possible,  through  the  axis  of 
rotation,  for  if  it  be  eccentric  the  readings  will  be  either 
too  large  or  too  small,  as  shown  by  Fig.  49  at  a^  and  ^,.  In 
Fig.  49  the  eccentricity  of  the  reflecting  surface  s  is 
assumed  as  equal  to  m  to  an  exaggerated  c^egree,  and  that  in 
one  case  this  plane  passes  through  axis  of  rotation  o,  in  the 
others  through  points  2  and  i  further  from  or  nearer  to  the 
scale.  Distances  A  are  usually  measured  by  a  standard  bar 
after  the  apparatus  has  been  attached  to  the  test-piece.  One 
end  of  this  standard  is  butted  against  the  scale,  while  the  other, 
provided  with  a  thin  strip  of  cardboard,  is  used  as  a  feeler, 
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which  will  just  touch  the  mirror  upon  shifting  the  scale  into  its 
proper  position.  Hence  the  distances  A^,  A^  and  A^  may  be 
assumed  as  equal,  for  our  purposes,  in  every  case.  If  the 
amount  of  displacement  of  the  mirror  be  uniformly  a,  then  the 
rays  indicated  by  the  full  lines  tipped  by  arrows  will  be  re- 
flected into  the  telescope  F  by  the  mirror  at  o,  i  and  2  ;  hence 
a^ ,  a^  and  a^  will  be  the  divisions  of  scale  read  by  the  telescope, 
of  which  a^  alone  would  be  correct.  If  the  revolutions  of  the 
mirrors  j,  and  J,  had  occurred  about  points  i  and  2  as  centres, 
and  been  equal  to  a,  the  readings  would  have  been  as  shown  by 
the  broken  lines,  and  equal  to  a^  in  all  three  cases.  Because  of 
the  eccentricity,  however,  the  actual  readings  would  have  been 
a^  and  a, ,  which  are  affected  by  the  error  J^  ;  a^  is  too  small  and 

a^  too  large.  It  is  readily  seen  that  initial  adjustment  of  mir- 
rors provides  ready  means  for  partly  avoiding  the  errors  due 

to  approximate  calculation  or  observation,  discussed  in  Sections 
86  and  89,  when  using  a  flat  scale.  This  would,  however,  be  of 
slight  practical  value,  as  will  be  presently  shown. 

I.  The  Bauschinger,  Martens,  Kirsch,  and  Henning  mirrors 
are  so  designed  that  they  permit  slight  rotation  of  the  mirrors 
about  an  axis  parallel  to  that  of  the  test-piece  (normal  to  the 
axis  of  rotation  of  mirrors),  so  that  they  may  be  adjusted  to 
reflect  the  longitudinal  axis  of  the  scales.  When  it  is  occa- 
sionally necessary  to  set  the  mirrors  to  a  larger  angle 
with' the  axis  of  rotation,  the  errors  thereby 
introduced  must  not  be  neglected  when  making 
accurate  investigations.  This  inclination  becomes  necessary 
when  the  telescope  and  scales  are  so  mounted  that  the  line  of 
sight  makes  a  large  angle  with  the  normal  to  the  axis  of  revo- 
lution and  at  the  centre  of  mirror.  The  reflected  rays  do  not 
then  continue  to  travel  in  a  plane,  but  travel  in  a  curved  surface, 
the  intersection  of  which,  by  the  reflected  image  of  the  scale, 
becomes  a  parabola,  instead  of  a  right  line.  It  must  be  ob- 
served that  the  error  arising  will  be  further  magnified  by  the 
attempt  to  measure  the  distance  A  between  the  scales  and 
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mirrors,  when  their  adjustment  causes  a  considerable  deviation 
from  the  normal  plane.  A  must  rather  be  invariably  measured 
on  the  normal  from  the  axis  of  revolution  of  the  mirror  to  the 
scale.  In  this  case  there  will  be  no  very  serious  error,  even  if 
there  be  considerable  deviation  from  the  normal  plane. 

2.  Many  designers  have  attempted  to  construct  mirror 
apparatus  which,  although  attached  to  two  opposite 
fibres,  have  but  a  single  mirror,  so  that  but  a  single 
telescope  becomes  necessary.  The  matter  appears  very  en- 
ticing, because  labor  of  observation  is  diminished  ;  but  there 
are  two  points  of  view.  The  use  of  two  mirrors  with  reverse 
directions  of  motion  has  the  great  practical  advantage  that 
distortions  of  test-piece  and  of  the  mirrors  attached  thereto, 
in  the  normal  plane  of  the  mirrors,  can  have  no  effect  on 
results  as  long  as  A  is  not  changed  thereby.  Distortions  of 
test-piece  and  mirror  apparatus  in  any  other  plane  make  them- 
selves immediately  manifest,  as  lateral  displacement  of  the 
scale  with  reference  to  the  cross-hairs.  Distortions  in  the 
normal  plane  manifest  themselves  by  the  equal  simul- 
taneous increase  and  decrease  of  readings  in 
the  two  mirror- readings;  hence  they  cannot  disturb 
results  when  two  mirrors  are  used. 

The  use  of  one  mirror  causes  the  loss  of  this  advantage, 
and  also  the  immediate  possibility  of  recognizing  the  errors 
committed. 

Displacement  or  s  h  i  f  t  i  n  g  of  te  s  t-p  i  e  c  e  s  in 
space  will,  however,  not  be  entirelypre- 
vented  in  most  machines.  Machines  with  heads 
laterally  fixed  have  the  advantage  in  this  respect ;  but  even 
these  must  not  be  depended  upon  implicitly  when  making 
accurate  measurements. 

95-  As  in  measurements  of  precision  small  changes  of 
length  of  bodies  of  relatively  great  length  are  concerned, 
thermic  changes  of  length  of  test-piece  or  of  the  mir- 
ror apparatus  cannot  be  neglected  in  those  cases  where  great 
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accuracy  is  desired.  Taking  as  an  example  the. steel  bar  pre- 
viously referred  to,  whose  coefficient  of  thermal  expansion  for 
I*'  C  is  /J  =  0.0000124,  the  apparent  elongation  of  /,  =  5.9  for 
each  C°  of  thermal  change,  between  test-piece  and  attaching 
spring : 

J  /^  =  0.0000124  .  59  =  aoooo73  in.  (=  0.000186  cm). 

If  the  magnification  of  mirror  apparatus  be  «  =  i/iooo  the 
sum  of  readings  of  scales  for  Al^  would  be  0.000073  X  1000  = 
0.073  ^"'  (=  0.186  cm).  But  hundredths  of  centimeters  =  -^-^ 
in.  can  be  readily  estimated ;  hence  it  will  be  readily  under- 
stood that  a  change  of  temperature  between  test-piece  and 
apparatus  of  only  ^  C**  may  begin  to  affect  the 
measurem  ents. 

For  this  reason  an  interval  of  10  minutes  must  elapse, 
when  doing  very  accurate  work,  between  the  adjustment 
of  the  mirror  apparatus  at  o  load  and  the  beginning  of 
test,  during  which  period  the  mirrors  must  show  no  further 
variations,  i.e.,  when  the  thermal  differences  produced  by 
manipulation  during  adjustment  of  the  parts  have  entirely 
disappeared. 

96.  It  is  of  course  possible  to  vary  the  effect  of  thermal 
changes  of  the  springs  by  selection  of  materials  which  have  a 
small  coefficient  of  expansion,  or  such  which  are  poor  con- 
ductors. Thus  I  used,  for  example,  hollow  square  wooden 
tubes  in  the  mirror  apparatus  described  further  on  in  con- 
nection with  the  500t.  machine,  while  Prof.  H  .  T .  B  o  v  e  y 
substituted  a  wooden  spring  in  his  U  n  w  i  n  mirror  apparatus, 
saturated  with  paraffine  to  protect  it  against  moisture. 
B  o  V  e  y  claims  to  have  reduced  the  thermal  effects  to  -^  of 
that  found  to  occur  when  previously  using  a  steel  spring.  At 
the  same  time  it  must  not  be  forgotten  that  the  error  due 
to  thermal  change  is  not  caused  by  the  springs 
alone,  but  also  by  the  change  of  the  test-piece  under  the 
same  influence.     What  affects  the  accuracy  of  measurements 


(970  Mirror  Apparatus.  75 

is  always  only  achange  of  relation  between  test- 
piece  and  springs  produced  by  thermal  action 
and  conditions. 

In  my  course  of  lectures  I  describe  the  sources  of  errors  of  mi- 
crometers and  mirror  apparatus  with  sufficient  detail,  without,  how- 
ever, being  exhaustive,  that  the  students  may  become  imbued  with 
the  fact,  in  the  very  beginning,  that  all  of  our  methods  of  observa- 
tions and  instruments  have  inherent  errors,  and  that  in  all  cases 
where  numbers  are  obtained  by  practical  observations  they  are  al- 
ways subject  to  errors. 

Calculation  based  on  theoretical  principles  can  alwavs  be  made 
with  absolute  accuraracy  ;  the  results  of  such  calculation  may  be 
correct  when  the  principles  are  correct.  But  it  cannot  ba  expected 
that  figures  obtained  by  routine  observations  coincide  accurately 
with  those  obtained  theoretically,  even  when  the  theory  is  correct  or 
the  observations  were  made  in  a  manner  entirely  free  from  ob- 
jections. The  art  of  the  observer  consists  in  every  case  of  making 
the  test  in  so  perfect  a  manner  that  all  methodic 
errors  are  avoided,  and  that  the  result,  if  possible,  be 
affected  by  unavoidable  accidental  errors  alone. 

These  may  be  determined  by  methods  of  elimination  (Z 
JOj^  104,  etc.),  although  unnecessary  in  most  cases,  and  thus  secure 
an  opinion  of  the  accuracy  of  observations. 

The  observer  should  always  obtain  a  correct  opinion  of  the  pos- 
sible and  of  the  probable  errors  inherent  in  the  results  obtained  by 
himself.  He  who  clearly  recognizes  the  errors  which  may  exist  in 
results  obtained  by  him  or  by  others,  or  which  may  be  found  in 
them,  will  never  commit  the  nonsense  so  often  perpetrated,  of 
adding  to  reliable  values  meaningless  figures  obtained  by  calcu- 
lation or  even  decimals,  or  even  actually  using  them  in  calculations. 
Such  procedure  most  readily  indicates  the  quality  of  mind  pos- 
sessed by  the  originator. 

97.  Fortunately  the  subject  is  by  no  means  as  difficult  in 
the  field  of  testing  materials  as  the  foregoing  description  of 
sources  of  error  might  lead  one  to  believe.  The  materials 
are  in  themselves  so  variable  that  there  would  be 
no  utility  in  examining  each  by  the  finest  physical  methods,  or 
of  making  all  corrections  and  eliminations.  Moreover  our  test- 
ing-machines  cannot  show  too  great  superiority  in  regard  to 
their  indications  of  loads  applied,  as  a  thorough  investiga- 
tion will  readily  reveal.  When  stresses  Sp,  Sy,  S^  have 
been  determined  within  10  at.  with   certainty, 
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we  may  be  well  satisfied,  for  even  this  degree  of  ac- 
curacy IS  rarely  attained.  In  this  work  the  results  shall  always^ 
as  is  generally  customary,  be  stated  to  the  nearest  150  lbs.  (10 
at.),  unless  they  be  averages  obtained  from  an  extended  series 
of  tests. 

98.  The  use  of  instruments  of  precision  in  tests  of  mate- 
rials is  rarely  intended  for  the  purposes  of  determining 
absolute  lengths;  in  such  exceptional  cases  all  sources 
of  errors  mentioned  must  of  course  be  fully  allowed  for.  Mir- 
ror apparatus  serves  in  most  cases,  as  does  the 
galvano^ope  in  the  hands  of  the  electrician,  rather  as 
a  very  delicate  indicator  for  the  instants 
of  passing  beyond  the  proportional,  P,  and 
yield,  F,  points.  These  determinations  might  in  fact  be 
made  ultimately,  as  appears  from  the  definitions  of  P  Rnd  Y 
points  in  (j/)  and  (j^),  without  absolute  measurements  of  ex- 
tension, e ;  in  fact  it  could  be  found  even  when  the 
ratio  of  multiplication  of  the  mirror  appara- 
tus  was   entirely   unknown. 

The  determination  of  the  factor  of  elongation  ef  and  of  the 
Modulus  of  Elasticity  E  do,  however,  require  absolute  measure- 
ments to  be  strictly  correct ;  but  in  actual  tests  of  materials 
this  figure  is  of  subordinate  value,  and  the  degree  of  accuracy 
usually  found  in  instruments  is  generally  amply  sufficient. 

An  accurate  knowledge  of  E^  modulus  of  elasticity,  becomes 
of  the  first  importance  in  the  construction  of  suspension 
bridges,  as  the  cables  being  suspended  freely,  loaded  only  by  their 
own  weight,  are  later  on  subjected  to  very  greatly  differing  elastic  def- 
ormations during  erection  of  the  structure  and  after  completion 
thereof.  My  personal  experience  on  the  New  York  and  Brooklyn, 
the  Youghiogheny,  the  7th  St.  Pittsburgh,  and  the  Covington  and  Cin- 
cinnati bridges,  has  shown  the  absolute  necessity  of  a  correct  knowl- 
edge of  Ey  to  avoid  grave  practical  complications. —  G.  C.  Hg. 

3.  Effect  of  Heads  or  Shoulders. 

99.  When  making  an  actual  test,  the  assumption  made  in 
( J j)    that    the    test-piecehave   a    very    great 
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length  in  proportion  to  its  c  r  o  ss -se  c  t  i  o  n 
can  nd  longer  be  adhered  to.  The  test-pieces  must  rather  be 
not  only  relatively  short,  in  case  of  crushing-tests  even  very 
short,  but  they  must  furthermore  be  provided  with  gripping 
heads  or  shoulders  for  tension-tests  {6S\  which  are  replaced  in 
the  crushing-test  by  the  flat  end  surfaces  (/j)  by  which  the 
loads  L  are  transmitted  to  the  material.  These  methods  of 
holding  always  produce  an  effect  on  the  results  of  tests,  and  it 
therefore  becomes  necessary  to  form  an  opinion  of  the  con- 
ditions produced  thereby. 

Tension  Test. 

< 

lOO.  If  the  test-piece  were  long  and  the  pulling-head  (Fig. 
50)  wanting,  the  cross-section  would  diminish  under  effect 
of  load  L  (i.e.,  diameter  of  round  bar  shown) ;  d  would  change 
to  d"  (jsy  But  when  a  head  is  provided  the  ma- 
terial immediately  adjoining  it  is   not  free  to 

y  i  e  1  d  (Z  lojy  118  and  119) ;  resisting  forces  5  are  developed, 
which  make  possible  only  very  small,  practically  unnoticeable, 

decrease  of  cross-section  of  the  head.    In  the  adjoining  section 

of  the  bar  ef  the  effect  of  the  head  is  less  noticeable.     The 

decrease  of  cross-section  will  therefore  be  more  decided,  and 

points  e  and /" will  move  to  /  and/*'.     During  this  change  the 

volume  of  sections  a  b  e  f  and  ab  e'  f  will  remain  constant 

under  the  assumption  that  the  material  have   a  density  =  i. 

Forces  5*  resisting  the  diminution  of  cross-section  at  e'  f '  are 

smaller  than  5.     See  B  a  r  ba  (Z  118,  p.  686 ;  //p,  p.  1-75). 

If  the  bar  be  of  sufficient  length,  the  forces  5  at  a  great 
distance  from  the  head  will  become  disappearingly  small,  and 
the  cross-section  will  assume  such  dimensions  as  it  would  have 
if  the  bar  were  not' provided  with  a  head.  Without  the  in- 
fluence of  the  heads,  points  a  and  b  would  have  moved  to  a" 
and  b'\  points  e  and  /  to  e"  and  f'\  volume  ci'V'ef'f 
remaining  =  abef. 

The   shape  actually   assumed  by  a  shouldered  round  bar 
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under  load  L  is  hence  not  truly  cylindrical ;  the  bar  rather 
assuming  the  shape  of  a  body  of  revolution,  whose  generatrix 

passes  through  a,  tangent  at  its  centre  to  the  ideal  cylinder 
a"b"e"f"  of  diameter  d'\  provided  the  length  of  bar  permits  it, 
i.e.,  if  it  be  sufficiently  large. 

101  •  The  load  Z,  which  acts  on  all  sections  of  the  bar 
simultaneously,  under  the  conditions  assumed,  must  produce 
different  conditions  of  stress  in  individual  sections,  because  of 
their  different  areas.  Although  this  is  not  strictly  accurate,  be 
it  assumed  that  the  load  L  is  uniformly  distributed  over  every 
section.  A  conception  of  the  relative  degree  of  stress  in  the 
individual  sections  may  thus  be  formed  without  specific 
calculation. 

Constructing  a  diagram  based  on  previous  assumptions  to 
a  base  line  A^  Fig.  51,  with  areas  of  sections  and  extensions 
e^  as  co-ordinates,  we  shall  obtain  the  ^'^„  ^^„  r^„  line/j/,/, , 
representing/,  and  ^j^,  ei^^  e^^  as  of  ^j.  Because  of  assumption 
that  V=  e^a  =•  const.,  ^^,  =  e^^  must  be  infinitely  small,  be- 
cause the  section  of  bar  under  the  head  decreases  but 
minutely;  besides  e^^  for  the  central  unit  section  must  be  a 
maximum,  because/,  is  a  minimum.  Dividing  the  load  L  by 
the  area  of  cross-section,  we  shall  obtain  the  stress  S;  and 
these  can  also  be  plotted  as  a  diagram  with  line  CD  as  a 
base.     In  this  o-,>((r,  =  crj  or  S^>{S^  =  5,). 

101a.  Stresses  p  resulting  from  effect  of  head  are  greatest 
in  sections  i  and  3  and  small  in  2,  or  infinitely  small  when  the 
bar  is  very  long.  The  stress  p  is,  however,  evidently  =  o  in 
the  axis  of  bar  at  all  sections;  hence  stress /o  must  decrease 
from  the  surface  to  the  axis  of  the  bar  at  all  sections,  as  repre- 
sented by  the  diagrams  with  lines  i  and  4  as  axes  for  sections 
I  and  4. 

Considering  next  a  diagram  of  a  meridional  section  of  the 
bar  on  which  have  been  plotted  all  of  those  points  which  were 
originally  equidistant  from  the  axis  (fibres),  we  already  know 
the  shape  assumed  by  the  external  and  internal  fibres  during 
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deformation.  The  stress  of  each  fibre  in  its  direction  can 
again  be  shown  on  a  diagram  for  each  section  of  bar,  by  plot- 
ting stresses  5  and  forces  p  with  GH,  Fig.  52,  as  a  base,  and  re- 
solving them  for  every  point  of  the  radius  of  section  in  the 
direction  of  fibres. 

We  thus  obtain  diagram  Gbb'  M' ,  in  which  aa'  is  the  direc- 
tion of  extreme  fibre,  and  W  that  of  the  middle  fibre  MM'\  a  is 
the  angle  of  inclination  between  the  direction  of  fibre  and  the 
axis  of  test-piece  MM'\  it  is  greatest  for  the  extreme  fibre. 
The  construction  of  the  two  diagrams  for  5.  and  />«  will  be 
readily  understood  from  Fig.  52. 

The  diagrams  give  no  information  about  the  actual  magni- 
tudes of  5  and  p  (5«  and  Pa) ;  and  the  question  where  the 
maximum  stress  is  to  be  found  in  any  given  section  cannot  be 
decided.  The  axial  stress  =  S  is  identical  in  every  section, 
and  relatively  a  maximum  in  the  axis  of  test-piece.  The  stress 
of  extreme  fibre  depends  upon  the  relation  between  between  p 
and  5  and  the  angle  a.  As  a  is  always  equal  to  o  at  the  axis 
(section  /,),  the  stress  in  every  fibre  at  that  point,  even  the  ex- 
treme fibre  =  5,  and  this  is  a  maximum  because  the  sectional 
area  is  a  minimum.  Neither  can  it  be  asserted  with  certainty 
whether  the  stress  in  the  extreme  fibre  also  decreases  toward 
the  ends,  as  in  the  middle  one ;  it  may,  however,  be  assumed, 
because  it  is  a  fact,  that  contraction  (and  rupture)  always  oc- 
curs at  the  centre  of  perfect  test-pieces  (Z  //j?,  p.  1-75). 

102.  The  above  considerations  permit  the  following 
important  practical  conclusion  :  However  the  holding- 
devices  or  ends  of  test-piece  may  have  been 
constructed,  the  principal  object  of  both  is  to 
prevent  contraction  taking  place  at  the  sec 
tion  where  the  test-piece  merges  into  that 
part  of  it  where   it  is  gripped. 

103.  As,  because  v  =  const.,  the  contraction  and  changes 
of  length  progress  hand  in  hand,  even  those  gripping- 
devices   which   prevent   elongation    of    the    bar 
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within  the  part  gripped  answer  the  purpose. 
For  tHis  reason  it  is  easy  to  grip  test-pieces  without  heads,  as 
between  serrated  wedges,  in  such  manner  that  rupture  occurs 
in  the  free  part  between  them.  This  method  of  gripping  may, 
however,  affect  the  results  of  tests  for  other  reasons  (/-''),  and 
benefit  is  generally  used  for  routine  tests  only.  In  Section  71 
it  has  been  stated  that  this  is  frequently  based  on  prejudice. 
The  Emery  holding  method  (described  at  end  of  book)  is  a 
proof  that  the  above-described  principle  of  elimination  of  ex- 
tension may  be  utilized  with  advantage. 

a.  The  effect  of  holders  should,  however,  be  proved  within  the 
proportional  limit  when  using  very  delicate  instruments  of  precision, 
and  by  use  of  short  gauge-lengths  /«,  applied  first  close  to  the  head 
and  again  at  the  centre  of  the  bar.  I  have  tried  this  on  low-steel 
bars,  but  without  striking  success.  The  secondary  stresses  or  non- 
homogeneity  of  material  must  have  obliterated  the  effect  of  the 
holders,  for  I  found  in  many  cases  up  to  i^  less  extension  near  the 
head,  while  occasionally  even  greater  values  than  at  the  middle  of 
test-bar. 

Bauschinger  plainly  demonstrated  the  effect  of  bearing- 
plates  on  elastic  deformation  in  his  investigation  of  stone  (crushing- 
tests). 

b.  The  previous  considerations,  however,  lead  to  still  further 
conclusions,  which  shall  now  be  briefly  stated.  As  a  result  of  the 
effects  due  to  heads,  the  contraction  and  extension  of  cylindrical 
bars  could  be  decreased,  and  at  the  same  time  increasing  the  re- 
sistance by  simply  providing  the  bar  with  collars  or  ridges  at  short 
intervals.  Such  a  bar  should  always  break  in  that  groove  which  is 
the  widest.  The  effect  of  threads  of  a  screw  (produced  by  cutting- 
tools)  is  similar ;  the  threads  or  collars  cut  at  regular  intervals  of 
equal  section.  Figs.  53-55,  take  the  place  of  heads  of  test-pieces, 
and  hence  screws  are  always  stronger  than  a  bar  having  a  section 
equal  to  that  at  the  root  of  the  threads,  made  of  the  same  material. 
The  body  of  the  screw  (of  low  steel),  however,  suffers  a  considerable 
extension.  Preventing  this  extension  by  providing  fitting  nuts  on 
the  threads  at  various  points,  a  successive  increase  of  the  resistance 
of  the  screw  is  produced  *  (even  though  this  can  hardly  be  estab- 
lished by  test).  At  the  same  time  it  may  be  stated  that  fracture 
must  take  place  within  the  greatest  free  length  between  two  nuts. 
It  is,  however,  a  fact  that  bolts  under  tensile  stress  alone  rarely  ever 
break  off  within  the  nuts  in  actual  service. 

*  Because  of  the  shortening  of  the  free  length  of  bar  between  the  heads 
(nuts)  the  forces  p  (50)  in  the  centre  of  the  part  of  bar  limited  by  the  nuts 
will  be  increased  beyond  those  in  the  long  bar;  hence  a  will  be  greater  and 
Sm  must  also  become  greater  thereby. 
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c.  Why  are  some  materials  so  insensitive  during  tension-test  to 
slight  injury  to  section  ?  Why  are  especially  hard  and  brittle  mate- 
rials so  sensitive  to  gripping-wedges  ?  Why  do  hard  materials  break 
more  frequently  away  from  the  middle  of  length  of  bar,  and  oftener 
close  to  or  within  the  holders,  than  soft  materials  ?  A  part  of  the 
causes  is  **  effect  of  the  heads," 

The  slight  diminution  of  cross-section  need 
not  necessarily  be  the  cause  of  diminution  of 
resistance.  Proof  of  this  fact  may  be  had  daily  in  making 
tension-tests.  In  many  laboratories  test-pieces  are  provided  with 
numerous  cross-marks  (divisions  [iJT  and  -^5^])  ;  it  is  in  fact  cus- 
tomary to  score  the  gauge-marks  for  mirror  apparatus  entirely 
around  the  test-bars.  Nevertheless  rupture  occurs  so  rarely  in  these 
marks  that  official  laboratories,  which  undoubtedly  never  fail  to  ex- 
ercise all  care,  do  not  hesitate  to  use  them. 

Frequent  rupture  of  hard  and  brittle  materials 
in  the  grips  is,  besides  other  causes,  produced  by  the  impossi- 
bility of  proper  action  of  heads  or  of  gripping-devices,  as  previously 
explained,  taking  place.  Because  the  extensibility  of  such  material 
is  very  small,  its  contraction  of  section  is  very  small.  The  effect 
of  the  heads  hence  cannot  become  pronounced,  any  more  than 
the  prevention  of  change  of  length  within  the  grips  or  holders  can 
become  effective.  For  these  reasons  especially  the  gripping  of 
material  of  slight  extensibility  is  very  difficult  (hard-drawn  wire; 
cast  iron,  etc.)  ;  moreover  they  do  not  stand  the  secondary  bending- 
stresses,  which  are  hardly  avoidable  any  more  than  the  most  insig- 
nificant superficial  injuries,  because  in  their  case  every  injury  acts 
as  a  reduction  of  cross-section. 

Soft  materials  are  espec  ially  s  uscep  tible  to  lat- 
eral pressure.  When  the  gripping-wedges  exert  such  intense 
lateral  pressure  that  yielding  takes  place  within  the  holders,  dur- 
ing simultaneous  application  of  tension-stress,  they  cannot  fulfil 
their  office — prevention  of  lateral  or  longitudinal  extension  (loj). 
Zinc,  leather,  paper,  etc.,  are  sensitive  to  lateral  pressure,  hence 
the  surfaces  of  holders  must  be  made  large. 

d.  The  above  facts  are  partly  verified  by  Table  8. 

The  tests  were  made  to  determine  the  effect  of  shape  of  thread 
on  the  strength  of  bolts.  For  this  purpose,  bolts  with  threads  as 
shown  in  Figs.  56-59  were  cut  in  a  lathe  on  bars,  so  that  the  di- 
ameters at  root  of  threads,  as  well  as  in  grooves,  were  respectively 
about  I  in.  (2.4  cm)  and  i  in.  (1.3  cm). 

The  results  of  tests  were  then  compared  with  those  obtained 
from  cylindrical  test-pieces  of  the  same  diameter  and  material.  The 
fractures  and  deformation  are  shown  by  Figs.  53-55. 

The  proportional  strengths  given  show  at  a  glance  that  the  in- 
crease of  tensile  strength  due  to  the  grooves  may  be  estimated  at 
from  9-1 7*^,  and  that  due  to  threads  at  from  10-19^. 


82 


A.   Resistance  of  Materials. 


(104.) 


Table  8.    Tension-tests  of  Threaded  Bolts  and  of  Ringed  Bars. 

Material:  low  steel  (Flusseisen).  The  figures  are  averages  of  two  tests.  (Martens,  Influ* 
ence  of  Form  of  Threads  on  the  Strength  of  Screw-bolts,  Ztschr.  d.  V.  d.  Ing.  1895,  p.  505.) 


No. 


Type  of  Threads 
or  Collars. 

Figs.  56-39. 


Sharpthread  ^=55* 


Shape  of 
Thread. 

(I  —  len/^ih  of 

prismatic  part 

of  rod.) 


Whitworth. 


3    German  Engineers' 
Standard 


U.  S.  Standard. 


Standard  round. . . . 


>   /'  =  o 


Diam.  at  Root  of  Threaul 
I  in.  (a.4  cm). 


Diam.  at  Root  of  Thread 
i  in.  (1.3  cm). 


-  small 


/»  very  long 


Maxi 

mum 

Stress  Sj^f^ 

\£ 

Rings 
a 

in  at. 

Threac 
in  at. 

4390 

4330 

4370 

43  »o 

4270 

4300 

4240 

4220 

37 

^60 

Proportional 
Strength. 


Rod  5  =  100. 


116. 8 


116. 2 


ii3'6 


1X2.2 


1x5.2 


114.4 


114.4 


Maximum    Proportional 


Stress  Sjif, 


Rings 

a 
in  at. 


js     e 


5000 


4760 


4870 


112.8    4940 


100 


4960 


4880 


5180 


4790 


4350 


Length. 


Rod  5  =  xoo. 


114.9 


109.4 


Tia.o 


X13.6 


114.0 


iia.» 


119. 1 


110. 1 


100 


104.  In  practice  efforts  are  made  to  minimize  the  effect 
of  shoulders.  For  this  purpose  long  tapering  necks 
are  turned  under  the  shoulders,  as  shown  in  Fig.  60,  for  the 
round  bar.  Moreover  the  measurements  of  length  are  not 
made  on  the  entire  parallel  part,  /,  between  tapers,  but  on  only 
a  part  of  it,  called  the  gauge-length,  /^ 

a.  On  the  basis  of  the  considerations  appended  to  Section  103^ 
the  question  may  be  asked  whether  it  is  at  all  proper  to 
provide  a  tapering  part  between  the  body  of  bar 
and  the  shoulders? 

This  question  can  in  fact  be  answered  only  conditionally. 
When  testing  materials  having  slight  extensibility  the  tapered  neck 
will  be  advantageous,  because  injurious  effects  due  to  secondary 
bending-stresses,  produced  by  defective  gripping,  will  be  counter- 
acted to  a  certain  extent.  In  case  of  ductile  materials  the  taper- 
ing neck  will  be  useless,  because  the  stress  S  and  elastic  exten- 
sion ^  will  decrease  in  proportion  to  the  increase  of  cross-section^ 
and  a  similar  occurrence  would  take  place  as  in  the  case  of 
shoulders. 
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To  determine  this  I  had  a  series  of  tests  A  made  of  bars  with 
veiy  gradually  tapering  necks,  about  as  in  Fig.  60,  and  a 
series  B  with  square  shoulders,  without  fillet  or  taper.  The  bars 
were  of  the  same  diam.  =  .80  in.  (2  cm),  and  taken  side  by  side  from 
a  piece  of  very  uniform  material.  They  were  provided  with  cm  di- 
visions, whose  lengths  were  measured  both  before  and  after  test. 
The  means  of  elongation  eia  of  the  divisions  on  the  bars  are  plotted 
in  Fig.  61,  in  which  these  elongations  are  plotted  as  ordinates  to 
the  numbers  of  divisions. 

It  will  be  seen  that  the  elongations  in  both  cases  are  considerably 
less  in  the  end  divisions,  and  that  the  elongations  of  middle  divi- 
sions increase  materially,  precisely  as  assumed  in  Section  101,  A 
comparison  of  lines  A  and  B  shows  that  although  the  effect  of  a 
square  shoulder  is  but  slightly  shown  {eia  is  about  2j<  less  than  in 
A)^  the  difference  already  disappears  in  the  second  centimeter 
division. 

b.  The  effect  of  shoulders  on  the  extensibility  of  ductile 
material  (low  steel  of  S^  =  57,000  lbs.  per  sq.  in.  =  4000  at.)  would 
have  been  more  thoroughly  prevented  if  the  cylin- 
drical partof  the  test-piece  had  been  made  longer 
bythelengthof  the  tapering  necks  (which  was  3.5  diame- 
ters at  the  end).  The  success  obtainable  can  be  estimated  from  Fig. 
61  when  it  is  remembered  that  the  divisions  of  the  bar  of  2  cm  diam, 
were  i  cm  long.  Seven  divisions  would  have  been  added  at  each 
end  of  the  body  of  bar,  and  as  the  effect  of  shoulders  is  shown  in 
Fig.  61  to  be  already  very  slight  at  divisions  2-4  (the  lines  being 
always  parallel  to  the  base  line),  the  continuation  of  the 
cylindrical  body  as  such,  instead  of  with  tapering 
necks,  in  spite  of  equal  length,  would  certainly 
have  been  advantageous. 

It  is  hardly  necessary  to  repeat  that  the  effect  of  shoulders  is 
variably  noticeable  in  different  materials. 

Crash!  ng-test. 

105.  As  has  been  seen,  shoulders  and  heads,  or  the 
gripping-devices  replacing  them,  have  an  effect  upon  the  dis- 
tribution of  stress  in  and  the  deformation  of  a  test-piece  sub- 
ject to  tension,  and  this  suggests  the  inquiry  as  to  the  effect  of 
holding-devices  on  the  results  of  crushing-tests. 

In  crushing-tests,  which  are  usually  made  on  short 
prismatic  pieces  placed  between  parallel  platens  of  the  testing- 
machine,  the  end  surfaces  act  upon  the  body  by 
opposing  frictional  resistance  to  increase 
of  section.     A  cylindrical  test-piece  of  low  steel  (Flussei- 
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sen),  for  instance,  while  shortening  =  ^  =  /,  —  /  (Fig.  62) 
would  not  retain  its  cylindrical  shape,  according  to  the  con- 
siderations stated  in  (sj)t  and  have  a  diameter,  assuming  that 
the  stress  is  not  above  the  elastic  limit,  and  volume  remaining 
nearly  constant, 

d.  =:  d ,  Cf=  d .  e, — 

and  V  =  d^-^  I  =  d}  —        or 

4  4 


The  stress  —  5  acting  toward  the  axis  of  test-piece,  resisting 
the  effects  of  friction  produced  by  the  pressure  of  platens 
on  the  end  surfaces,  causes  it  to  assume  a  barrel  shape  having 
volume  F,  in  such  manner  that  the  increase  of  diameter  is  con- 
siderably less  at  the  platens  than  at  the  centre  of  the  body. 

The  distribution  of  stress  might  be  discussed  in  this  case, 
as  was  done  in  {^loi)  under  similar  conditions  in  tension-test. 
But  it  is  probably  quite  self-evident  that  it  is  not  possible  to 
make  a  crushing-test  in  strict  accordance  with  theory,  and 
without  the  effect  of  the  holding-surfaces,  if  the  test-piece  be 
shaped  as  shown  in  Fig.  63,  and  without  going  into  a  detailed 
discussion  of  the  effect  of  shoulders  or  heads.  Hence  the 
cru  sh  i  n  g- 1  est,  any  more  than  the  tension- 
test,  is  by  no  means  a  simple  procedure. 

a.  As  Bauschinger  and  others  have  demonstrated, 
bodies  subjected  to  crushing  when  observed  by  mirror  appa- 
ratus show  that  the  amount  of  crushing  varies  for  different 
parts  of  the  bodies  under  identical  loads.  When  studying  the 
elastic  behavior  of  stone  prisms,  for  instance,  notably  different 
results  are  found  when  measuring  on  short  parts  near  the 
pressure-platens,  and  on  similar  parts  at  the  middle  of  length 
of   the   test-pieces ;    even    when    using  short,   and   again   the 
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greatest  possible  length  at  middle  of  test-piece,  slight  differ- 
ence in  measurements  are  obtainable.  All  of  this  is  due  to 
unequal  distribution  of  stress  due  to  the  effect  of  shouldering. 

b.  The  character  of  pressure-surface  is  of  material  in- 
fluence on  results  of  the  crushing-test.  Bauschinger 
considered  this  subject  repeatedly  since  1873  (Z  2).  He 
demonstrated  particularly  that  the  pressure-surfaces 
must  be  plane  (planed,  ground,  etc.),  and  indeed 
those  of  the  platens  as  well  as  end  sur- 
faces of  test-pieces.  The  former  should  be  very 
hard  if  they  should  answer  every  purpose.  Soft  pressure- 
surfaceSy  perhaps  produced  by  intercalation  of  soft  materi- 
als, would  affect  the  results  of  crushing- 
strength  to  a  considerable  and  indefinite 
degree,  whenever  they  are  so  soft  that  their  yield-points 
are  passed,  and  they  begin  to  yield  (flow)  from  the  centre  to- 
ward the  circumference.  When  the  yield-point  of  soft  liners 
is  sufficiently  high,  then  the  body,  say  an  imperfectly  finished 
cube  of  stone,  would  fail  in  almost  the  same  manner  as  though 
it  had  been  provided  with  flat  surfaces  and  unifprm  bearing; 
the  phenomena  of  crushing  would  be  quite  similar,  and  the 
resistance  is  influenced  but  slightly. 

If  the  material  of  the  liners,  however,  has  a  relatively  low 
yield-point,  the  shapes  of  fractures  will  become  very  different, 
and  the  resistance  decreased.  This  is  caused  by  the  change  of 
resisting  forces  p,  Fig.  62,  which  tend  to  prevent  spreading  of 
the  end  surfaces,  as  well  as  by  the  bursting  effect  produced  by 
the  soft  liners^cting  like  a  tough  liquid,  which,  filling  the  ac- 
cessible depressions,  forces  the  body  asunder  as  though  by  in- 
ternal pressure. 

By  lateral  flow  of  liners  the  forces  p  may  not  only  become 
=  o,  but  their  direction  may  become  reversed  and  thus  pro- 
duce a  considerable  decrease  of  resistance.  "  Hence  it  may 
happen  (says  Bauschinger)  that  lead  liners  cut  from  the 
same  sheet  may  in  one  case  in  no  way  change  the  crushing  re- 
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sistance  of  a  soft  sandstone,  may  slightly  reduce  that  of  a  harder 
and  stronger  sandstone,  or  a  rather  soft  limestone,  and  that  of 
a  granite  very  considerably,  as  much  as  one  half,  with  the  in- 
variable formation  of  pyramids  in  the  first  case,  in  the  second 
pyramids  or  these  mixed  with  slivers,  and  the  third  case  always 
a  fracture  composed  entirely  of  slivers.  In  the  latter  cases 
the  resistance  to  crushing  is,  as  a  matter  of  course,  to  a  certain 
degree  more  or  less  independent  of  the  height  of  test- 
pieces."   (Z2,  Vol.  1 8.) 

4.    Yielding:  (FIom')  Plieuonieua  DuriDg  Deformation* 

106.  Upon  reaching  the  yield-point,  or  inmediately  there- 
after, especially  in  case  of  metals,  very  regular  and  pecuhar 
phenomena  frequently  appear,  which  may  be  shown  to  be  partly 
due  to  effect  of  holders  (j). 

In  the  tension-test,  for  instance,  "scaling"  takes  place, 
when  testing  an  iron  rod  in  the  condition  in  which  it  leaves  the 
rolls  (without  removal  of  mill-scale),  the  instant  yielding  com- 
mences. This  layer  of  scale  has  a  lower  extensibility  than  the 
metal  itself,  and  hence  breaks  off  as  soon  as  its  extensibility  is 
exceeded.  Scaling  as  a  rule  commences  at  the  heads  and  pro- 
gresses toward  middle  of  test-piece  ;  in  the  case  of  flat  bars  the 
progressing  zone  usually  forms  an  angle  of  45^-60°  with  the 
axis  of  bar. 

A  polished  bar  of  iron  or  one  having  a  dull  fine-emery  finish 
assumes  a  m^tt  surface  upon  passing  the  yield-point,  while 
a  hard,  slightly  extensible  bar  (cast  iron  or  hard  steel)  does  not 
change  the  appearance  of  its  surface  but  slightly,  and  remains 
bright.  The  matt  surface  appears  as  though  covered  by  a 
slight  breath  or  dew.  Generally  the  dulness  grows  gradually 
more  marked,  the  surface  assumes  acrinkled  or  scarred 
appearance,  which  finally  changes  to  long  wrinkled  bodies 
parallel  to  the  axis  of  bar,  or  to  longitudinal  grooves 
or  f  o  1  d  s  or  crumpling,  in  the  case  of  uniformly  soft 
materials  (soft  low  steels,  copper,  etc.).     In  other  metals  the 
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surface  assumes  a  very  irregular,  peculiar,  crumpled  ap- 
pearance. 

Similar  phenomena  also  become  apparent  in  the  crushing- 
test. 

It  is  practical  and  materially  facilitates  mutual  understand- 
ing by  acquiring  the  habit  of  uniformity  of  diction 
in  speaking  of  similar  and  constantly  recurring 
phenomena  in  reports  and  publications.  For 
this  reason  the  phenomena  here  referred  to  are  illustrated  on 
Plate  I,  and  their  descriptive  appellations,  customary  in  the 
Charlottenburg  Laboratory  and  partly  adopted 
by  others,  and  generally  used  in  large  circles,  are  here  given. 

The  commencement  of  loss  of  lustre  and  formation  of  very 
fine  scars  is  called :  the  bar  becomes  "crinkled" 
(krispelig)  (Figs,  i  and  2,  Plate  i).  When  the  granules  become 
more  pronounced  the  bar  is  said  to  be  "  s  c  a  r  r  e  d  "  (narbig); 
grooves  or  folds  are  developed  (Fig.  9,  Plate  i);  it  be- 
comes "crumpled"  (Fig.  64). 

107.  In  case  of  metals,  especially  when  used  as  polished 
strips,  other  extraordinarily  characteristic  phenomena  frequently 
arise,  so-called  flow-  or  yield-figures  (stress-lines). 
These  phenomena  are  of  greater  importance  for  the  subject  here 
discussed,  because  they  also  afford  a  view  into  the  operation  of 
holders,  and  show  convincingly  that  distribution  of  stress  in 
tension  and  crushing  test-pieces  is  by  no  means  as  simple  as  is 
frequently  assumed  to  be  the  case.  A  close  observation  and 
study  of  these  phenomena  does  not  only  lead  to  interesting 
theoretical  investigations,  but  it  is  also  of  practical 
importance  in  the  art  of  testing  materials,  by 
shedding  light  on  many  occurrences  when 
making  measurements  of  precision,  which 
would  otherwise  remain  unappreciated.  Knowledge  and 
observation  of  these  phenomena  may  also  be  of  very  great 
practical  value,  because  similar  effects  may  some- 
times    be     found     on      overloaded     members, 
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and  may  serve  as  a  caution,  or  a  proof  of  the 
particular  manner  of  overloading. 

Various  forms  of  such  yield-figures  or  stress-lines  are 
shown  on  Plate  i.  Attention  should,  however,  be  called  at 
this  time  to  the  fact  that  they  do  not  occur  in  tension-tests 
and  crushing-tests  alone,  but  are  also  noticeable  in  all  other 
tests  of  strength,  and  that  certain  conclusions,  drawn  from  the 
observation  of  this  behavior  of  metals,  may  also  be  applied  to 
other  materials,  in  which  yield-figures  or  stress-lines  do  not 
seem  to  appear. 

108.  Several  groups  of  yield-figures  or 
stress-lines  may  be  identified  in  the  tension- 
test,  which  have  been  named  in  the  Charlotte  n  burg 
Laboratory  for  purposes  of  concise  diction  and  iden- 
tification. 

As  a  rule  (in  case  of  flat  strips  of  low  steel),  one 
group  of  figures,  beginning  at  the  shoulders, 
makes  its  appearance,  which  are  first  indicated  by 
a  narrow  pointed  bar  or  ray,  originating  at  the  fillet  (in  case  of 
square  shoulders,  Fig.  15,  Plate  I),  crossing  the  broad  surface 
of  the  bar  at  an  angle  of  about  45°.  Other  similar  pointed 
rays  or  lines  follow  this  in  more  or  less  regular  intervals,  at 
right  angles  to  the  axis  of  bar,  their  ends  frequently  returning 
in  the  direction  about  45°  to  the  axis  (Figs.  14-20,  Plate  i). 

During  the  further  progress  either  a  network  of  these  lines 
is  formed,  intersecting  almost  at  R.A.,  frequently  of  great 
regularity  (Figs.  3,  14-20),  or  the  lines,  emanating  from  one 
corner  of  the  bar,  forge  ahead  at  an  angle  of  from  45 ^'-Co® 
parallel  to  each  other  from  the  head  toward  the  middle  of 
bar  (Fig.  5),  lin*e  upon  line  forming,  always  separated  by  un- 
changed narrow  strips  of  the  surface  of  the  bar.  These  sep- 
arating strips  of  surface  are  then  traversed  by  more  or  less 
regularly    separated    lines,   at    right   angles   to    the   bar-axis 

(Fig.  15). 

The   phenomena  just   described    probably   are   the    rule : 
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they  are  also  the  cause  of  scaling  previously  mentioned  as  oc- 
curring in  zones,  at  angles  of  45°-6o**  to  the  axis.  This  phe- 
nomenon in  its  entirety  is  called  diagonal  lines  or  net- 
work, because  of  its  essential  characteristics;  the  network 
is  described  as  close-  or  open-meshed. 

109.  Occasionally  bands  predominantly  at  right  angles  to 
bar-axis  appear,  which  either  start  from  the  edges  (edge- 
streamers),  Figs.  6  and  10,  Plate  i,  or  develop  from  the 
occurrences  previously  described,  and  distinctly  take  the  shape 
of  cross-bars  or -lines,  Fig.  6. 

These  figures  and  lines  usually  disappear  entirely  in  later 
stages  of  the  test. 

110«  It  is  possible  to  make  these,  figures  very  distinctly 
visible  on  iron  if,  as  was  done  by  Pohlmeyer,  the  surfaces 
be  carefully  polished  and  then  Bower-Barffed,  by  im- 
mersing the  red-hot  bars  in  steam,  thus  letting  these  lines 
appear  as  silver  threads  among  the  scales  of  blue-black  oxide. 
A  book  byL.  Hartmann*  came  to  my  notice  recently, 
which  treats  in  detail  of  these  yield-figures  and  stress-lines, 
giving  a  great  number  of  illustrations,  which  show  the  results 
due  to  all  manner  of  stress  in  the  form  of  drawings.  Unfor- 
tunately, I  have  not  been  able  to  use  this  valuable  work  in  this 
treatment  of  the  subject. 

a.  In  a  previous  section  I  called  attention  to  the  practical  im- 
portance of  evidence  of  flow  in  the  art  of  testing,  and  desire  to  here 
give  proof  of  this,  by  quoting  in  part,  literally,  a  very  praiseworthy 
study,  by  Prof.  B.  Kirsch,  unfortunately  too  little  known. 
This  work  covers,  with  the  addition  of  theoretical  considerations, 
the  results  of  many  years'  observations  and  experience,  secured  by 
those  employed  at  the  Charlottenburg  Laboratory,  and  especially  by 
Kirsch,  while  prosecuting  extensive  experiments  with  railway 
material  (Z  122). 

Kirsch  writes  about  as  follows  (Z  108) : 

"The  striking  appellation  'yielding'  (Fliessen)  was  adopted  by 
T  r  e  s  c  a  (Z  I2j)  to  express  the  molecular  displacement  of  portions 
of  ductile  materials  during  the  effect  of  external  forces.      Kick 

*  Also  compare  Kirkaldy's  illustrations  of  stress-lines   in  tension-tests 
of  riveted  joints  (L  121). 
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(L  loOf  p.  75)  remarks  thereto  that  not  only  a  ductile  material  may 
be  aid  to  yield,  *  but  even  brittle  materials,  when  entirely  surrounded 
by  a  sufficiently  strong  envelope,  which  itself  is  subjected  to  this 
deformation,  may  be  said  to  show  molecular  flow  or  yielding,  because 
even  such  bodies  admit  of  deformation  precisely  as  is  the  case  with 
plastic  materials ;  even  brittle  materials  may  change  their  shape 
permanently,  without  thereby  producing  discontinuity  of  their  par- 
ticles'"  (Z  124). 

K  i  r  s  c  h  thereupon  makes  6  propositions  relating  to  procedure 
of  flow  or  yielding  if  the  machine  be  operated  at  a  uniform  speed  as 
is  done  at  Charlottenburg,  producing  an  extension  of  ij^  per  minute 
(i  J^/min.).  These  propositions  have  been  partly  discussed  above,  and 
will  be  more  fully  later  on  ;  we  can  discuss  in  this  place  only  that 
which  belongs  in  this  section. 

3.  In  proposition  6c  attention  is  called  to  the  fact  "  t  h  a  t  y  i  e  1  d- 
ing  in  general  begins  at  the  shoulders,"  and  that 
this  can  be  frequently  proven  by  determination  of  differences 
of  width  at  the  yielded  and  unyielded  ^arts,  which  sometimes 
amount  to  .0147-0156  in.  in  a  width  of  1.56  in.  (0.03-0.04  cm 
in.  4.0  cm). 

c.  Proposition  6d  reads  :  "Yielding  is  of  course  most  readily 
observable  by  mirror  apparatus.  The  following  remarks 
refer  exclusively  to  the  use  of  the  Bauschinger  mirror  ap- 
paratus. Several  minor  details  must  be  considered  in  order  to 
obtain  a  clear  idea  about  the  (apparent)  action  of  the  scale-readings. 
Thus  the  inertia  of  the  balance-weights  and  the  staunchness  of  the 
piston-packing  of  the  machine  may  affect  them.  For  before  any 
yielding  takes  place,  and  a  certain  load  is  applied,  a  leak  at  the  piston 
will  cause  the  lever  to  drop  slowly,  without  yielding  of  the  bar.  The 
inertia  of  the  descending  weights  produces  a  slight  unloading,  a  slight 
retrograde  motion  of  the  mirrors,  until  the  scale-pan  of  the  beam 
takes  a  bearing,  whereupon,  after  a  sufficient  interval  of  time,  the 
bar  is  unloaded  to  an  extent  equal  to  the  friction  of  the  receding 
piston.  Hence  if  the  piston-packing  is  not  abso- 
lutely perfect,  an  accurate  observation  of  the 
beginning  of  yield,  by  the  beam  alone,  is  not 
possible.  If  the  beam  be  again  brought  to  a  position  of  equilib- 
rium, the  magnification  of  load  below  yield-point  due  to  the  inertia 
of  masses  is  harmless,  i.e.,  without  influence  on  the  direction  of  read- 
ings, when  made  after  the  beam  has  become  quiescent.  When  the 
load  is,  however,  just  below  the  yield-point  it  is  not  an  uncommon 
occurrence  that  the  actual  increase  of  load  due  to  inertia  of  moving 
masses  produces  a  stress  beyond  the  yield-point; 
the  bar  yields  slightly  while  balancing  the  beam,  and  no  further 
change  occurs  when  equilibrium  is  reached,  because  the  actual  stress 
will  then  be  below  the  yield-point.  Should  the  beam  again  drop 
because  of  leakage,  and  then  be  raised  to  equilibrium,  the  bar  will 
again  yield  slightly.     This  can  be  repeated  5  or  6  times,   always 
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stretching  the  bar  slightly.  When  the  packing  is  abso- 
lutely tight,  and  the  stress  has  just  exceeded  the  yield- point,  the 
beam  must  drop  slowly,  after  having  been  balanced,  immaterially 
whether  the  bar  stretches  within  or  without  the  gauge-marks  ;  the 
mirrors,  however,  must  at  the  same  time  act  very  dif- 
ferently from  the  case  in  which  the  piston  leaked,  and  the  fol- 
lowing case  will  be  noted  : 

1 .  Both  readings  increase  ; 

2.  Both  readings  decrease  ; 

3.  One  increases,  the  other  decreases." 

d,  "In  the  first  case  the  bar  yields  between  gauge-marks, 
and  it  is  the  custom  in  the  Charlottenburg  Laboratory  to  note 
on  the  test  reports  the  passage  of  the  yield-point,  when  in  a  given 
time,  say  i  min.,  having  regard  to  accuracy  of  readings  f 0.0007 8 
in.  =  2.10  —  *cm]  a  visible  increase  is  noted." 

/.  In  the  second  case  the  bar  yields  without  the  gauge- 
marks.  In  this  case  an  interesting  observation  may  be  made. 
The  beam  may  still  be  balanced  a  small  number  of  times  when  the 
increments  of  loads  are  not  too  large,  before  yielding  occurs  within 
the  gauge-marks  and  spreads  over  the  gauge-length.  Keeping  the 
beam  balanced  by  a  relatively  slow  motion  of  the  piston,  there  will 
be  no  equilibrium  between  the  internal  stresses  and  the  uniform  ten- 
sion load  applied  at  the  movable  end  of  bar,  indicated  by  the  bal- 
ance-weights on  the  lever.  The  part  of  load  actually  carried  by 
that  part  of  bar  within  the  gauge-length  is  therefore  less  than  that 
indicated  by  the  poise-weight.  The  extension  of  the 
gauge-length  must  hence  be  less  for  the  last 
increment  of  load  than  for  the  same  increment 
of   load   below   the   yield- point." 

"  Table  9,  on  page  92,  shows  this  very  plainly  : 

/.  The  third  case,  in  which  one  mirror  shows  increas- 
ing readings,  while  those  in  the  other  decrease 
slowly,  and  in  fact  while  the  beam  is  kept  floating,  still  remains 
to  be  discussed.  This  is  the  most  frequent  case.  Upon  waiting  a 
sufficient  length  of  time  it  frequently  happens  that  the  procedure  is 
reversed  in  such  a  manner  that  the  mirror  which  just  gave  increas- 
ing readings  remains  stationary  and  then  retrogrades,  while  the  other 
reverses  and  gives  increasing  readings.  Still  later  a  moment  arrives 
in  which  both  reflected  scales  advance  rapidly.  These  occurrences 
are  readil)**  explicable  when  remembering  that  yielding  progresses  in 
a  diagonal  direction  (Plate  i.  Fig.  5).  In  case  the  yielding  zone 
ab^  Fig.  65,  has  advanced  its  leading  point  to  within  the  gauge-mark, 
the  right-hand  mirror  will  show  increased  readings,  while  the  left 
side  of  the  bar  L  is  still  only  yielding  without  the  gauge-mark.  This 
irregularity  causes  the  bar  in  the  first  place  to  move  bodily  to  the 
right  hand,  and  the  entire  mirror  apparatus  revolves  about  the  knife- 
edge  e. 
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Table  9.    Tieldiog  witlioat  the  Gange-niftrkB.* 


«       ■ 

Stress. 

Scale-readings. 

• 

Load. 

L 

Left 

Right 

^ 

« 

V 

1,A 

6A 

kg 

A 

A 

atm. 

50000 

50000 

cm  io-» 

cm  10- • 

cm 

cm 

I 

2 

3 

4 

5 

6 

1          1 

A  calculated  for  5  =  0     —  60 

1 

250 

80 

0 

0 

0 

^_ 

1000 

.   320 

105 

75 

180 

180 

2000 

640 

221 

185 

406 

226 

3000 

970 

342 

290 

632 

226 

4000 

1290 

468 

390 

858 

226 

5000 

161O 

594 

490 

1084 

226 

250 

80 

22 

12 

10 

— 

5000 

1610 

611 

477 

1088 

— 

6000 

1930 

734 

577 

1311 

223 

7000 

2250 

855 

681 

1536 

225 

8000 

2570 

970 

790 

1760 

224 

250 

80 

18 

3 

15 

— 

,  8000 

2570 

964 

800 

1764 

— 

9000 

2900 

1070 

918 

1988 

224 

lOOOO 

3220 

1155 

1060 

2215 

227 

iiooof 

3540 

1200 

J  235 

2435 

220 

12000 

3870 

1210 

1444 

2654 

219 

13000 

4182 

1240 

1620 

2860 

206 

13250 

4270 

Yielding 

*  All  figures  given  in  meiric  measures. 

t  Stretches,  readings  decrease  (yielding  without). 

"  Both  motions  produce  a  decreased  reading  in  the  left  and 
increase  in  the  right  mirror  ;  that  the  reading  of  left  scale  must 
actually  be  retrograde  is  at  once  explicable  by  the  fact  that  the 
gauge-length,  as  long  as  b  remains  without  it  and  the  beam  floating, 
is  constant ;  in  fact,  a  decrease  of  stress  on  side  L  may  take  place 
during  the  progression  of  point  by  and  a  consequent  more  rapid 
yielding,  again  producing  decrease.  The  reversal  of  mirror  motion  * 
from  right  ahead,  left  back,  right  back,  left  ahead,  is  explained  by 
the  fact  that  yielding  under  head  at  ab  ceases  temporarily,  instead 
of  which  a  similar  yield-zone,  as  cd^  advances  from  the  opposite 
head  into  the  gauge-length." 


*  In  case  of  round  bars  the  oblique  direction  frequently  only  causes  a 
progression  or  recession  of  the  apparatus,  i.e.,  increase  or  decrease  of  read- 
ings, because  yielding  may  occur  in  any  plane  with  relation  to  the  axis. 
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"  In  case  of  rapid  progression  of  both  mirrors,  either  the  entire 
front  edge  of  zone  has  advanced  into  the  gauge-length  or  both 
point  a  and  d  advance  simultaneously;  at  any  rate  it  is  cer- 
tain that  the  gauge-length  is  yielding  when  one 
mirror  gives  rapidly  increasing  readings  (with 
floating  beam  !). 

g.  K  i  r  s  c  h  appends  a  theoretical  discussion  on  the  relation 
between  yielding  and  stress,  to  which  I  wish  to  refer  the  reader,  be- 
cause he  there  gives  several  very  interesting  points  of  view.  These 
considerations  lead  to  the  conclusions,  when  using  M  o  h  r  's  method 
of  illustrating  the  effect  of  forces  acting  on  one  point  of  mass,  "that 
yielding  of  solid  bodies  is  due  to  the  fact  that  the  resistance  to 
shearing  SsAf  is  overcome  at  the  point  where  yielding  takes  place, 
and  that  the  tenacity  Sm  is  overcome  at  the  ruptured  section  at  the 
instant  of  rupture." 

111.  These  superficial  more  or  less  similar  yield  or  flow 
phenomena,  above  described,  sometimes  permit  drawing  de- 
ductions as  to  the  anterior  treatment  to  which  the  material 
had  been  subjected,  and  in  fact  occasionally  indicate  it  directly. 

A  flat  strip  of  low  steel,  for  instance,  which  has  received 
several  isolated  hammer-blows  for  the  purpose  of 
straightening  before  filing,  traces  of  which  can  no  longer  be 
seen  thereafter,  or  if  a  lateral  pressure  had  stressed  it 
locally  beyond  the  crushing-limit,  these  points  again  become 
evident  during  yielding.  Centres  of  stress-lines  are  eventually 
formed,  from  which  they  radiate  with  more  or  less  regularity, 
similar  to  the  effect  of  shoulders. 

The  particular  spots  are  less  yielding  than  the  surrounding 
material ;  they  therefore  appear  in  relief,  and  retain  larger  di- 
mensions than  those  assumed  by  the  yielding  material.  (Plate 
I,  Fig.  II.)  Punched  or  rolled  marks,  or  the  serrations  of  vise- 
cheeks,  can  be  made  readily  visible.  (Plate  i.  Figs.  12  and 
13.)  Flat  strips,  cut  from  the  flanges  of  rails,  previously  sub- 
jected to  the  bending-test,  plainly  showed  during  tension-test 
the  points  at  which  they  took  a  bearing  on  the  rollers  during 
the  bending-test.     (Plate  i,  Fig.  11.) 

Fig.  7,  Plate  i,  also  shows  yield  or  flow  phenomena,  deter- 
mined by  initial  treatment  of  the  material,  and  have  been  de- 
scribed by  me  as  follows  (Z.  122,  p.  2) : 
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"Moir^.  This  term  has  been  temporarily  used,  for  lack  of  a 
better  or  more  concise  expression,  to  denote  appearances  of  very 
nicely  polished  flat  strips  cut  from  rail-webs  and  flanges.  They  are 
very  delicate  markings,  which  resemble  the  bands  such  as  are  found 
on  the  well-known  textile  fabric  known  as  "Moir6  antique."  These 
markings  are  produced  by  the  effect  of  the  rolls  on  the  material, 
due  to  yielding  while  rolling,  which  is  similar  to  yielding  under 
effect  of  tension  stress,  the  molecular  mobility  not  being  uniform. 
After  leaving  the  rolls  and  during  cooling,  the  non-homogeneity  pro- 
duced is  not  entirely  eliminated  ;  hence  they  will  reappear  during 
the  tension-test  and  affect  the^  mobility  of  particles  when  yielding 
occurs.  As  a  result  these  markings  appear  on  the  surfaces,  and  the 
less  yielding  parts  will  be  in  relief,  while  those  more  easily  yielding 
will  form  depressions.  The  irregularities  of  the  surfaces  of  the 
rolls  also  play  a  part  in  this  procedure,  because  the  elevations  pro- 
duce more  rapid  flow  of  the  metal,  because  of  the  greater  pressure, 
while  the  depressions  exert  less  pressure,  and  hence  produce  less 
rapid  flow  under  the  rolls ;  the  most  severely  pressed  parts  will  ap- 
pear in  relief  on  the  polished  surfaces  during  yielding." 

113.  The  value  which  the  study  of  yielding  during  tension- 
test  may  have  is  also  readily  shown  by  the  instances  above 
discussed,  for  it  is  plain  that  bars  showing  such  local  phenom- 
ena cannot  develop  the  complete  ductility  of  the  material, 
and  must  therefore  lead  to  an  unfavorable  opinion.  At  this 
stage  it  must  already  be  very  apparent  that  the  preliminary 
treatment  of  material,  to  which  it  is  subjected  before  cutting 
off  the  test-piece,  is  of  great  effect  upon  the  results  of  tests. 

Many  observers  have  heretofore  called  attention  to  super- 
ficial yield  or  flow  figures,  but  what  has  been  said  will  no  doubt 
sufHce  at  this  time. 

5.  Contraction. 

113.  If  the  tension-test  of  a  soft  and  ductile  material  be 
carried  beyond  the  yield-point,  local  contraction  will  take  place 
at  one  section  before  rupture,  as  previously  stated  (44)^  be- 
cause the  material  yields  more  rapidly  at  that  than  at  other 
cross-sections  at  which  the  material  then  remains  quiescent. 
The  adjoining  parts  of  the  bar,  so  to  say,  take  the  place  of 
shoulders,  by  opposing  a  resistance  to  contraction.  When 
operating  the  machine,  as  has  been  heretofore  assumed  to  be 
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the  case,  so  that  extension  is  equal  for  equal  intervals  of  time, 
the  load  L  must  decrease  after  passing  the  maximum,  to  pro- 
duce equal  extensions,  and  this  is  the  period  during  which  con- 
traction usually  takes  place.  Because  of  the  rapidly  changing 
forces  and  cross-sections,  whose  mutual  relation  during  test  it 
is  exceedingly  difficult  to  determine  continuously,  it  is  not 
possible  to  obtain  an  entirely  clear  conception  of  the  condi- 
tions of  stress  during  contraction. 

B  a  r  b  a  (Z  los,  iiS)  tried  to  obtain  a  conception  of  the 
true  inwardness  of  contraction  by  the  following  argument : 

■  He  imagines,  as  in  Section  loi,  the  bar  to  be  subdivided 
into  its  component  elements  (fibres),  and  considers  that  the  ex- 
ternal fibres  having  assumed  greater  length,  because  of  their 
shape,  than  the  centre  fibre,  which  remained  straight,  they 
must  also  be  subjected  to  greater  stress  and  rupture  before  the 
others.  It  is,  however,  a  fact  that  rupture  always  begins  at 
the  middle  fibre.  Hence  the  external  must  aflfect  the  interior 
fibres,  which  causes  maximum  stress  in  the  latter.  He  at- 
tempts to  explain  this  as  follows : 

114.  The  element  -/!,  Fig.  66,  of  an  outer  fibre  is  acted 
upon  by  two  equal  but  opposed  forces  /,  at  an  angle  with  each 
other  equal  to  the  curvature  of  the  fibre.  In  order  to  establish 
equilibrium  there  must  be  a  force  p^  in  the  adjoining  particles 
acting  on  the  element  A^  which  is  equal  to  the  resultant  be- 
tween the  two  forces  /.  Analyzing  the  entire  section  in  this 
manner,  it  will  be  found  that  the  middle  fibre  is  subject  to  the 
sum  of  reactionary  forces /^ ,  whose  components/",  because  of 
symmetry  about  the  axis,  counterbalance  each  other,  while  the 
components/'  are  added  together,  reacting  against  the  stress 
S  produced  by  tension  loading  or  coacting  with  it,  according 
to  the  shape  of  curvature  of  the  element  under  consideration. 

From  this  it  will  be  seen  that  the  middle  fibre  is  subject  to 
minimum  stress  (smaller  than  S)  at  the  beginning  of 
contraction,  that  the  middle  fibre  has  a  stress  equal  to 
S  at    that    section    where    contraflexure    of    fibres   is   found, 
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and  that  stress  of  middle  fibre  is  greater  than  5  at 
the  centre  of  contracted  section  because  of  the  re- 

« 

versal  of  direction  of  component  /',  and  hence  that  frac- 
ture must  originate  at  the  centre, 

115.  That  this  is  the  actual  occurrence  during  rupture  can 
be  readily  seen  by  trying  to  join  the  opposite  ends  of  a  fracture 
of  a  rectangular  test-piece.  Bars  having  a  very  large  contrac- 
tion always  gape  more  or  less  at  the  centre.  [  G  o  1 1  n  e  r , 
among  others,  illustrates  such  fractures  in  "  Technische  Blaet- 
ter,  1892."]  Howard  (Z  12^)  found  that  in  case  of  bars 
of  great  contraction,  tested  under  high  temperatures,  it  was 
clearly  shown  that  rupture  was  not  sudden,  but  originated 
at  the  centre,  gradually  extended  to  the 
outer  fibres.  When  continuing  a  test  to  800°  C,  until  94^^ 
contraction  had  been  attained,  and  then  stopping  and  filing 
the  skin  at  the  narrowest  point,  a  cavity  was  found  to  exist  in 
the  centre  of  the  neck. 

116.  Many  writers  have  covered  the  surfaces  with  a  net- 
work of  lines  or  circles  in  order  to  obtain  a  representation  of 
distribution  of  stress  during  tests,  studying  their  deformation 
during  them  or  after  rupture.  It  will  be  found  after  rupture 
that  these  lines  will  have  been  so  displaced  near  the  point  of 
rupture  that  the  adjacent  space,  Fig.  6y,  aa^  <  a*a\  (omitting 
the  gap),  while  the  reverse,  ab  >  a'b\  is  true  in  the  following 
spaces,  which  would  correspond  with  our  deduction.  Ba  rb  a 
(Z  11^,  Plate  8)  also  shows  test-pieces  scribed  with  such  net- 
work, and  describes  them  exhaustively  in  that  paper. 

6.  FractureB. 
Tension-tests. 

117.  The  appearance  of  new  fracture  is  often  of  particu- 
lar importance  in  judging  of  the  quality  and  technical  appli- 
cability of  materials.  Hence  it  is  necessary  to  append  to  all 
reports  of  tests  a  most  readily  comprehensible  description  of 
shapes  of  fractures  and  of  character  of  surfaces  of  rupture.     Al* 
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though  it  is  not  possible  to  describe  typical  fractures  of  all 

materials  at  this  time,  the  most  important  characteristics  of 

those  of  metals  will  be  here  shown,  because  it  will  lead  us  one 

step  further  in  our  knowledge  of  the  distribution  of  stress  in 

the  test-piece,  and  emphasize  the  necessity  and  value  of  uni- 
formity of  nomenclature. 

As  some  of  the  characteristics  of  fractures  are  not  due  to 
the  quality  of  material,  but  rather  depend  upon  the  method  of 
producing  rupture,  or  may  be  ascribed  to  the  accidental  ex- 
ternal shape  of  test-piece,  the  latter  mainly  shall  be  now  dis- 
cussed, while  those  depending  upon  special  peculiarities  of  the 
material  will  be  treated  of  further  on. 

118.  The  greatest  contraction  is  found  in  very 
tough  and  soft  materials,  such  as  lead,  tin,  pitch,  yellow  hot 
iron,  etc.,  and  the  least  contra  c.t  ion  in  brittle  materi- 
als, such  as  glass,  hard  steel,  cast  iron,  stone,  etc. 

In  very  tough  materials,  round  bars  are  drawn  down 
to  points,  flat  bars  to  knife-edges,  bars  of  triangular 
or  rectangular  section  assume  a  cruciform  shape,  as 
shown  by  heavy  black  lines  in  Fig.  68. 

In  very  brittle   materials   change  of   shape  of   section   is 

hardly  noticeable ;  the  dimensions  are  merely  changed  a  trifle. 

Between  these  two  limiting  types  there  is  gradation  of  infinite 

variety.     Generally  the    fracture   of   the  round   bar  shows  a 
circular  smooth  ground  surrounded  by  short   pinnacles. 

When  this  fracture  is  most  perfectly  developed  a  projecting 

crown  or  ring  will  be  seen  to  completely  surround  the  flat 

surface  of  one  part  of  the  fracture,  while  the  other  will  be 

a    truncated     cone.    Fig.   69.       The    imperfect    edge, 

p  i  n  a  c  1  e  s ,  in  Fig.  70,  corresponds  with  this  formation.     It 

proves  that  absolutely  perfect  fracture  produces  three  parts, 

namely  two  truncate  cones  and  a  surrounding  ring  or 

crown,  Fig.  71.     The  flat  surface  or  ground  of  fracture  is, 

however,  larger  or  smaller,  depending  upon  peculiarities  of  the 

material.     Occasionally  perfect   cones  and  cups,  Fig. 
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72,  are  formed,  while  in  others  there  is  but  the  slightest  trace 
of  a  crown,  Fig.  73.  These  are  called  *  *  c  u  p  shapes'*  (of 
course  considering  the  cone  as  a  part  of  it),  and  rim  or 
crown  shape;  it  is  also  called  cup  with  flat 
bottom  (Plate  2,  Figs.  9,  10)  when  the  funnel  shape  is  the 
greater  part  of  the  fracture;  or  it  is  styled  fracture 
plane,  with  rim,  when  the  flat  ground  is  predominant. 
Rim  pinnacled  (Plate  2,  Fig.  18)  or  toothed  is  ap- 
plied to  fracture  in  case  the  rim  is  left  partly  on  both  frac- 
tured surfaces.  It  also  happens  that  one  half  of  the  crown  re- 
mains on  each  part  of  the  fracture,  Fig.  74,  and  that  the 
ground  is  very  small.  Another  form  is  shown  in  Fig.  75,  in 
which  the  funnel  shape  has  almost  entirely  disappeared,  and 
is  often  hardly  noticeable  under  a  cursory  examination. 

[In  the  United  States  and  Great  Britain  these  distinctions 
are  unfortunately  not  clearly  drawn,  and  mainly  because  com- 
paratively little  attention  has  been  paid  to  these  various  shapes 
as  indicating  definite  causes.  They  are  all  called  *'  c  u  p 
shapes"  in  a  loose  manner,  as  follows :  Fig.  69,  perfect 
cup;  Fig.  70,  broken  cup;  Fig.  71,  no  name  because 
rare ;  Fig.  72,  d  e  e  p  c  u  p ;  Fig.  73,  slight  cup;  Fig.  74, 
half  cup;  Fig.  75,  oblique  fracture.  As  these  ap- 
pellations are  not  sufficiently  descriptive,  I  propose  to  name 
the  fractures  shown  in  Figs.  69-75  as  below,  retaining  the  name 
"cup  shapes"  for  the  entire  group ;  for  although  it  is  not 
a  characteristic  term,  common  use  warrants  its  retention ;  a 
cup  has  a  very  indefinite  shape,  while  funnels  or  cones  have 
shapes  following  definite  laws,  just  as  do  fractures  of  materials. 
Hence  I  shall  name  fracture  as  shown  in 
Fig.  69.  Truncated  cone,  or  do.  pyramid. 

"     70.  Pinnacled  cone      "    " 

"     71.  Double  cone  and  crown  or  do.  pyramid. 

"     72.   Perfect  cone,  "     "  ** 

"     73.  Fin  cone,  "     ** 

"     74.  Half-crowned  cone,  "     "  " 

"     75.  Sheared  cone,  "     "  " 
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In  case  of  test-pieces  of  rectangular  section  the  shapes  will 
be  pyramids  instead  of  cones,  other  characteristics  being  the 
same  and  following  the  same  laws. 

When  a  secondary  cone  or  pyramid  forms  in  the  ground  or 
top  of  truncated  cone  or  pyramid,  then  the  fracture  may  be 
defined  by  adding  the  word  "  compound." 

Translator's  Note. — G.  C.  Hg.] 

119.  The  last  fracture  is  frequently  formed  on  flat  test- 
pieces,  in  which,  however,  the  cone-funnel  shapes  (Plate  2, 
Figs.  1-8)  are  as  pronounced  as  in  the  case  of  round  bars,  only 
somewhat  modified.  Fig.  76.  Rims  or  crowns,  concave  on  the 
long  flat  sides,  and  convex  on  the  narrow  edges  when  certain 
proportions  between  width  and  thickness  obtain,  correspond  to 
the  contour  of  fractured  section  and  the  final  shapes  of  soft 
materials  shown  in  Fig.  6Sd. 

Attention  must  also  be  called  to  another  peculiarity  of  con- 
traction of  flat  bars.  In  greatly  contracting  material  the  so- 
called  contractile  cross  is  formed,  and  in  such  manner 
that  the  thickness  is  a  minimum  on  the  lines  aa  and  a^a\  Fig. 
yy ;  it  is  therefore  less  at  a  and  a^  than  at  6. 

The  descriptive  terms  as  in  case  of  round  bars  are  also  used 
for  flat  bars.  In  case  one  half  the  rim  adheres  to  part  of  frac- 
ture, Fig.  76,  it  is  usually  described  as  "fractured  oblique 
to  axis,*' although,  speaking  accurately,  this  should  not  be 
done,  because  it  may  lead  to  the  idea  that  a  different  type  is 
referred  to,  while  in  fact  it  is  a  perfectly  normal  funnel-forma- 
tion (pyramid)  even  when  the  flat  ground  can  hardly  be  rec- 
ognized. 

In  foregoing  Sections  101-104  and  106-110  it  has  been  re- 
peatedly mentioned  that  distribution  of  stress  in  a  bar  under 
tension  cannot  be  a  simple  matter. 

a.  This  will  be  readily  recognized  when  examining  the  normal 
phenomena  of  fractures  and  fractured  surfaces  carefully.  These 
conical  or  funnel-shaped  surfaces  in  case  of  round  bars,  starting 
from  the  shoulders,  their  apices  pointing  toward  the  axes,  indicate 
surfaces  of  maximum  shearing  strains  in  uniformly  homogeneous 
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materials.  These  cones,  starting  from  the  shoulders,  with  their 
apices  lying  in  the  axis  of  bar,  penetrate  each  other,  as  shown 
plainly  in  Fig.  78. 

b.  Kirsch  attempted  {L  loS,  1889,  p.  11)  to  demonstrate  this 
conception  and  cone-formation.  He  tried  to  establish  the  fact  that 
rupture  originates  at  the  axis  in  the  contracted  neck,  and  thence 
spreads  over  a  circular  area,  to  form  the  ground  of  the  funnel  or 
apex  of  truncated  cone,  whence,  following  the  planes  of  equal 
(maximum)  shear,  it  produces  the  sides  of  cones  or  funnels  ;  hence 
the  tension-stress  6"  is  overcome  at  the  central  plane  area,  and  the 
shearing-stress  iS^at  the  conical  surfaces.  The  relative  amount  of 
production  of  one  or  the  other  effect  is  dependent  upon  the  pecu- 
liarities of  the  material. 

Occasionally  reverse  cones  are  found  distinctly  developed  in  the 
fractured  surfaces,  the  principal  cone  forming  on  one  surface,  while 
a  smaller  secondary  cone  formed  on  the  opposite  surface  is  pulled 
out  of  the  apex  of  the  primary  cone.  Such  a  fracture  is  shown  on 
Plate  2,  Figs.  6  and  7. 

120.  Aside  from  the  shape  of  a  normal  fracture,  its  super- 
ficial appearance  is  especially  characteristic  of  the  manner  of 
applying  stress  to  the  test-piece,  and  for  this  reason  the  typical 
characteristics  cannot  be  impressed  upon  the  memory  with  too 
much  sharpness,  because  it  is  frequently  possible,  without  re- 
gard to  actual  tests,  to  determine  causes  of  failures  of  machines 
by  the  appearances  of  surfaces  of  fracture.  But  there  are 
other  reasons  why  no  opportunity  should  be  neglected  to 
study  the  appearances  above  described,  and  especially  those  to 
be  discussed  later  on,  with  the  use  of  samples,  because  they 
cannot  be  fully  explained  by  descriptions  and  illustrations. 
Where  there  is  opportunity  of  making  numerous  tests,  collec- 
tion of  fractures,  carefully  arranged  according  to  typical 
forms,  should  be  made.  This  is  all  the  more  neces- 
sary, because  it  is  customary  in  practice 
to  ascribe  fractures  to  n  on -h  o  m  o  gene  i  t  y  or 
defects  in  material,  which  are  positively 
consequences  of  method  of  testing  or  due  to 
distribution  of  stress  during  test,  and  can 
byno  meansbe  consideredas  defectsof  ma- 
terial. 


0 
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Based  upon  such  collections,  it  is  easy  to  establish  a  uni- 
form descriptive  nomenclature  of  fractures,  and  it  is  very  much 
to  be  desired  to  attempt  certain  uniformity,  as  this  secures 
brevity  and  more  general  comprehensibility. 

It  isbyno  means  easy  to  establish  a  good 
and  really  valuable  nomenclature  of  fractures, 
and  hence  not  only  was  a  well-arranged  collection  of  fractures 
made  at  the  Charlottenburg  Laboratory,  but,  in 
view  of  frequent  changes  in  the  personnel,  a  special  set  of  rules 
for  describing  fractures  was  introduced.  (Z  122^  p.  22  and  pre- 
liminary notes  to  Tables.)  According  to  these  the  following 
order  is  to  be  preserved :  Color,  grain,  sheen  and 
lustre,  structure,  fracture  type,  defects,  and 
the  names  previously  and  hereafter  used  and  printed  in  open 
type  are  customary. 

131.  The  ground,  centre,  or  top  of  fractured 
surface  (in  metals)  can  be  more  or  less  flat.  If  it  is  irreg- 
ular, it  is  also  usually  dull  or  has  a  mat  appearance.  This  is 
generally  due  to  the  fact,  aside  from  peculiarities  of  material, 
that  very  numerous  minute  funnels  or  cones  are  formed  on  the 
plane,  Fig.  79.  If  the  material,  such  as  steel,  low  steel  (Fluss- 
eisen),  etc.,  have  a  crystalline  structure,  the  ground  will  be  crys- 
talline, and  as  a  rule  duller  at  the  centre  than  at  the  circum- 
ference, where  brilliant  points  are  frequently  found  (as  in  low 
steels — Flusseisen,  etc.)  even  when  the  ground  is  otherwise  mat. 
The  dark  core  in  the  centre  is  frequently  quite  clearly  defined. 
It  is  customary  to  designate  these  descriptions  appropriately 
as:  Ground  mat,  or  brilliantly  crystalline,  with 
darker  or  mat  core,  etc.  Plate  2,  Figs.  11,12,15-17 
show  such  fractures. 

132.  The  funnel  surfaces  (inner  rims)  always  have  a  more 
or  less  rough,  pinnacled,  invariably  somewhat  brilliant  surface ; 
an  appearance  which  later  on  will  be  recognized  as  character- 
istic of  sheared  fractures. 

Very  frequently  finer  or  coarser   radial   rays.    Fig.  80, 
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will  be  seen  on  the  ground,  which  are  also  consequent  to  cer- 
tain happenings  during  the  tension-tests,  and  the  cause  of 
which  cannot  be  explained  until  later  on  ;  at  present  attention 
is  called  only  to  the  following:  The  rays  do  not  always  orig- 
inate at  the  centre ;  they  sometimes  radiate  from  an  eccentric 
point.  Fig.  81  (Plate  2,  Fig.  14).  In  this  case  careful  examina- 
tion of  the  fractured  piece  at  the  centre  of  radiation  will  almost 
invariably  discover  a  defect  in  the  material  which  was  the 
cause  of  rupture  at  that  particular  section.  Radiation 
always  proceeds  from  that  point  at  which  rup- 
ture originated.  For  this  reason  these  lines  are  called 
fracture-lines  at  the  Charlottenburg  Testing 
Laboratory  (Plate  2,  Figs.  11,  14,  16,  18  and  19). 

Another  type  of  fracture,  the  cause  of  production  of  which 
is  not  yet  accurately  known,  is  shown  in  Fig.  82,  and  consists 
of  radiating  ridges,  one  side  of  which  is  usually  vertical,  while 
the  other  is  inclined  to  the  plane  of  the  ground  (Plate  2,  Fig. 
13).  Heretofore  these  rays  were  usually  called  coarse- 
fracture  lines. 

a.  These  last-named  types,  the  strongly  developed 
cores  and  other  phenomena,  are  in  practice  frequently 
considered  as  defects.  Caution  must,  however,  be  had  in 
this  respect ;  they  are  usually  peculiarities  developed  by  the 
regular  structural  arrangement.  This  will  be  easily  understood 
when  studying  them  by  means  of  collections  of  fractures  ar- 
ranged according  to  types.  It  will  thus  be  seen  that  fracture- 
lines  and  cores  will  be  developed  in  cylindrical  test-pieces,  equally 
symmetrical  to  the  axis,  when  the  pieces  have  been  cut  either 
from  the  edge  of  an  ingot  or  from  a  round  bar  rolled  down 
from  a  large  bloom.  In  the  latter  case  it  might  be  considered 
that  the  coarse  fracture-lines  (Fig.  82)  are  nothing  else  than 
remnants  of  the  porous  zone  in  an  ingot. 

For  if  such  a  porous  ingot  (Fig.  83)  be  rolled  down  into  a 
round,  the  blow-holes  are  drawn  out  in  the  direction  of  rolling, 
they  are  flattened,  and  these  flattened  walls  may  arrange  them- 
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selves  radially  and  symmetrically  to  the  axis.  When  frac- 
tured, such  porous  bars  show  sharply  cut  (fissured)  surfaces, 
vertical  to  the  plane  ground.  Generally,  however,  the  adjoin- 
ing oblique  surfaces  are  wanting.  As  a  rule,  the  lines  and 
surfaces  produced  by  blow-holes  can  be  readily  distinguished 
from  those  described  above  as  **  coarse  fracture- 
1  n  e  s. 

b.  K  i  r  s  c  h  (Z  108 ^  1889,  p.  15)  thinks  he  can  explain  the 
coarse  fracture-lines  as  follows: 

"  When  the  material  is  very  homogeneous,  such  as  low 
steel  (Flusseisen)  or  copper,  the  elementary  funnels  [K.  assumes 
that  the  ground-surface  of  the  fracture  may  consist,  condition- 
ally, entirely  of  funnels  lying  adjacent  to  each  other,  J2i\ 
may  group  themselves  in  very  different  ways  into  complete 
oblique  surfaces  of  fracture.  In  addition  to  the  element  of 
a  funnel  passing  through  a  point,  there  are  two  additional 
elements  of  surface  which  have  the  same  shearing  stress  and 
are  vertical  to  each  other  and  also  to  the  element  of  the  fun- 
nel. The  total  of  these  elements  of  surface  form  two  groups 
of  helicoidal  surfaces,  which  are  coaxial  with  the  bar,  inter- 
secting its  surface  in  helical  lines.  The  helical  lines  are  fre- 
quently developed  in  tests.  In  Plate  2,  Fig.  24,  the  fracture 
end  of  a  bar  of  copper  is  illustiated,  which  shows,  beside  the 
double-funnel  formation  developed  on  one  side  of  the  fractured 
surfaces,  two  such  clearly  defined  helicoidal  surfaces,  which  in 
fact  extend  for  a  considerable  distance  into  the  bar,  forming 
separating  surfaces.*  The  fracture-surface  shown  in  Plate  2, 
Fig.  13,  of  low  steel  (Flusseisen)  shows  these  helicoidal  surfaces 
at  their  projections  and  their  radial  arrangement  very  clearly. 

(Kirsch    refers   to    the    oblique    [helicoidal    surfaces]  which 
were  described  above.  Fig.  82,  as  coarse  fracture-lines.)     Such 

*  I  have  scratched  one  of  these  lines  slightly  with  a  scribe,  as  far  as  it  waa 
visible,  as  otherwise  both  lines  could  not  have  been  shown  by  pho- 
tography. 
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fractures  also  regularly  show  separating  planes  passing  radially 
through  the  axis  of  the  bar." 

123.  Aside  from  the  phenomena  occurring  on  the  sur- 
face of  metal  bars  of  homogeneous  structure,  immediately 
after  passing  the  yield -point,  and  aside  from  crinkling, 
wrinkling,  crumpling,  etc.  {106),  there  appear  in  steel  and  iron, 
etc.,  transverse  fissures,  arranged  in  quite  regular  series,  the 
appearance  of  which  is  again  a  proof  for  the  views  relating  to 
the  formation  of  cones  and  funnels  previously  explained,  and 

is  therefore  briefly  referred  to  here.     These  phenomena,  called 
longitudinal    seams     at     Charlottenburg,    are 

illustrated  in  Fig.  84,  and  Plate  i,  Figs.  2,  4  and  8. 

In  my  report  on  railway  material  (Z  122^  p.  23  et  seq.)  I 
stated  : 

124:.  "  When  a  hard  spot  or  grain,  etc.,  is  present  in  a  steel 
ingot  it  will  be  stretched  lengthwise  by  rolling,  and  form  a  fibre 
parallel  to  the  axis  of  rail.  If  the  differences  in  hardness  are 
great,  fissures  will  be  produced  during  rolling;  if  they 
are,  however,  slight,  these  hard  arteries  will  hardly  be 
noticed,  not  even  on  the  end  sections  of  the  rails.  During 
tension-tests,  however,  they  appear  distinctly  even  when 
they  are  several  millimeters  below  the  surface.  During 
yielding  the  hard  veins  or  the  swelling  of  the  material 
over  them  is  seen.  The  vein  rises  above  the  surface,  though 
but  slightly,  see  Fig.  84^.  This  is  a  necessary  consequence  of 
greater  hardness,  which  causes  less  yielding  than  that  of  the 
softer  body  of  the  mass ;  the  reduction  of  section  of  the  hard 
parts  is  less  than  that  of  the  softer  material ;  the  hard  material 
has  less  extensibility  than  the  softer.  The  consequence  of 
these  properties  is  non-uniform  distribution  of  stress.  The 
hard  material  is  subject  to  greater  stress  than  the  soft,  because 
it  cannot  follow  the  motion  of  the  mass  of  the  latter."  Hence 
transverse  fissures  occur  in  the  hard  vein,  which 
must  follow  each  other  in  quite  regular  intervals,  the  dimen- 
sions of  which  are  dependent  upon  the  relation  between  the 
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strength  qualities  of  the  hard  veins  and  soft  material,  and  upon 
the  amount  of  friction  at  the  surfaces  of  contact  of  the  two 
materials,  as  was  developed  by  K  i  r  s  c  h  in  his  discussion  (L 
108,  888,  pp.  44  and  45)  as  follows:  "But  the  soft  material  as 
well,  will  be  overstrained  locally  at  the  instant  of  beginning  of 
these  fissures,  by  the  motion  rapidly  taking  place ;  short  sep- 
arating fissures  are  formed  following  the  conical  surfaces  of 
equal  shearing-stress.  As  these  cones  intersect  the  surface  of 
bar  in  regular  series,  the  superficial  appearance  shown  in  Fig. 
84  is  produced.  The  occurrence  of  transverse  fissures  often 
manifests  itself  during  the  test  by  crackling  or  metallic  ring, 
even  when  the  fissures  are  not  externally  visible." 

That  these  longitudinal  seams  and  the  hard 
veins  do  not  always  necessarily  form  dangerous  parts  of  the 
material  I  have  explained  in  the  further  considerations  of  the 
paper  above  mentioned  (Z  122^  p.  26).  On  another  occasion 
(Z  i26y  p.  60  et  seq.)  I  instanced  a  case  which  showed  the 
dangerous  influence  of  fine  transverse  fissures  in  material  very 
clearly,  being  a  cast-steel  wire  which  had  countless  internal 
cavities  at  regular  inteiVals, 

Crush  ingr- test. 

125.  When  a  cylinder  of  brittle  material,  such  as  marble 
or  cast-iron,  is  caused  to  fail  by  crushing,  the  fracture  shown 
by  Fig.  85  is  usually  produced.  Pressure-cones  are  de- 
veloped at  the  platens,  which  can  be  readily  seen  in  the  frac- 
ture, provided  it  is  possible  to  protect  the  pieces  against 
impact  due  to  the  elastic  recoil  of  the  testing-machine.  Simi- 
larly as  in  the  tension-test  two  cones  and  a  surrounding  ring  R 
are  formed  in  the  crushing-test,  which,  however,  rarely  remains 
coherent  in  large  pieces ;  in  the  tension-test  it  adheres  wholly 
or  partly  to  one  half  of  the  test-piece;  during  crushing-test  it  is 
more  or  less  demolished  and  thrown  off. 

126.  Occasionally,  especially  when  the  heads  of  the 
machine  have  a  slight  lateral  motion,  the  two  halves  of  test- 
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piece  are  pushed  laterally  upon  each  other  during  the  crushing- 
test,  as  in  the  tension-test,  and  produce  fracture  oblique 
to  the  axis,  Fig.  86.  Frequently  fissures  are  also  found 
on  the  envelope  of  the  cylinder,  especially  in  the  latter  case, 
which  are  more  or  less  regular  and  cross  at  angles  of  90°  (45* 
to  the  axis  of  body). 

127.  In  cubical  bodies  of  brittle  material,  as  stones  and 
cement,  pressure-cones  are  replaced  by  pressure-pyra- 
mids, and  the  enveloping  ring  is  similarly  shaped.  It  is 
recognized  that  the  friction  of  the  platens  prevents  spreading 
of  the  material  at  the  pressure-surfaces  and  bulges  above  them, 
forming  pressure-pyramids  and  bursting  the  enveloping  ring. 

During  this  occurrence  the  envelope  is  more  or  less  subject 
to  tension-stress,  and  in  such  manner  that  the  element  of  mass 
Af  Fig.  87,  subject  to  the  crushing-stress  —  S,  becomes  subject 
to  tension-stress  5"  because  of  the  bulged  form.  These  stresses 
produce  diagonal  fissures  as  soon  as  the  components  r  of 
forces  S  and  —  5  become  so  large  that  they  exceed  the  shear- 
ing resistance  of  the  material ;  a  component  r  at  right  angles 
to  the  line  of  fissure  shown  is  also  deve'loped,  producing  other 
fissures  intersecting  the  first  at  an  angle  of  90°.  When  the 
tensile  resistance  in  the  direction  of  the  circumference  of  test- 
piece  is  small,  as  is  the  case  in  fibrous  wrought  iron,  the  tensile 
stresses  5"  produce  surface-fissures  parallel  to  its  axis. 

128.  It  can  be  proven  that  the  material  in  contact  with 
the  platen  remains  almost  quiescent  even  when  it  is  very  duc- 
tile, by  building  up  a  body  out  of  several  layers  of,  say,  lead 
or  differently  colored  layers  of  clay  to  form  a  crushing  test- 
piece.  After  test  a  section  will  reveal  that  the  two  outer 
layers  are  planoconvex,  and  the  central  double  concave.  Fig. 
88,  and  also  how  the  individual  layers  have  been  forced  out- 
wardly. The  volumes  of  the  separate  layers  have  remained 
constant  when  a  material  of  density  i  has  been  used. 
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7.  Determination  of  Extensibility. 

a.  Method  of  Measurement. 

129.  The  conditions  under  which  changes  of  shape  are 
determined  may  affect  the  results  of  measurements,  regardless 
of  the  errors  of  instruments.  At  this  place  the  influence 
which  these  conditions  may  have  upon  the  determination  of 
the  important  final  permanent  deformations,  having  practical 
value  as  a  measure  of  quality  of  materials,  shall  be  examined. 
These  discussions  shall  refer,  it  is  here  prefaced,  exclusively  to 
the  tensile-test,  and  essentially  to  soft  and  relatively  extensible 
metals,  which  fail  with  more  or  less  distinctly  marked  local 
contraction.  Permanent  shortening  after  failure,  during  crush- 
ing-test, is  only  of  subordinate  practical  value,  because  it  has 
rarely  thus  far  been  used  as  a  measure  of  quality  in  judging 
materials. 

130«  As  will  be  shown  in  a  later  chapter  {6),  the  original 
length  /^  the  gauge-length,  on  which  the  extension  after 
rupture  (the  permanent  extension  after  rupture)  is  measured, 
exerts  an  effect  upon  the  result  of  such  measurement.  For 
this  reason  it  was  soon  agreed,  either  quietly  or  upon  consulta- 
tion, to  adopt  definite  dimensions  for  the  gauge-length  /^.  At 
the  present  day  the  gauge  or  standard  lengths  of  8  or  4  in. 
(  =  20  and  10  cm)  are  in  common  use  in  industrial  countries ; 
the  most  generally  adopted  length  being  8  in.  (  =  20  cm).  The 
prismatic  part  of  the  bar,  or  finished  length,  /,  is  usually 
somewhat  greater. 

131.  It  is  still  largely  customary  to  determine  extension 
after  fracture  by  measuring  the  change  of  gauge-length 
/^  between  two  scribe-  or  punch-marks,  upon  abutting  the 
two  parts  of  the  broken  test-piece  against  each 
other.  This  extension,  expressed  in  ^  of  gauge-length,  has 
been  designated  {14,  37)  ultimate  elongation  or 
elongation  e^  of  the  material. 

This  method  of  measuring  extension,  much  used  in  practice, 
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IS,  however,  subject  to  notable  errors,  independent  of  the 
errors  of  instruments  used,  which  must  be  designated  as  errors 
of  method.  They  should  be  avoided  to  prevent  in- 
justice to  one's  self  and  to  others. 

In  Sect.  115  it  has  been  emphasized  that  fractured  ends  of 
flat  bars  do  not  match  or  fit  perfectly,  but  gape  noticeably  at 
the  middle,  especially  in  soft  material;  even  round  bars  no 
longer  join  neatly.  Hence  this  method  invariably  produces 
excessive   values   of   elongation. 

132.  In  order  to  decrease  this  error  it  has  been  proposed 
to  provide  scribe-lines  or  punch-marks  on  a  line  on  the  sides  of 
test-pieces  and  then  to  add  the  measurements  of  distances  from 
these  marks  to  the  points  of  fracture  on  the  line,  and  to  deter- 
mine the  elongation  e^  from  this  sum. 

This  would  of  course  obviate  the  above  error,  but  the 
method  still  used  in  practice  leads  to  other 
errors  as  well,  which  are,  especiallyin  soft 
metals  such  as  low  steel  (Flusseisen)  and 
copper,  essentially  more  important,  and 
must  invariably  be  uniformly  unfavorable 
to  the  producer,  because  they  always  make 
the  elongation  appear  too  small. 

133.  In  Sections  100  and  113,  while  discussing  the  effect 
of  heads  and  shoulders  and  of  contraction,  convincing  proof 
was  obtained  that  elongations  of  different 
parts  of  bars  are  very  markedly  different 
according  to  their  distance  from  the  point 
of  r  u  p  t  ur  e  . 

The  inappropriateness  of  the  common  method  can  thus 
be  readily  adduced. 

In  order  to  give  a  comprehensive  view  of  this  fact,  I  shall 
here  reproduce  a  part  of  my  report  on  the  investigation  of 
copper  (L  Jio^  PI.  Ill,  Fig.  36).  In  Fig.  89  a  series  of 
diagrams  of  elongations  are  reproduced,  which  give  the  elon- 
gations of  individual  divisions  of  test-bars  of  equal  section 
(rectangle  ^  =  i.o  X  3.0  =  3  sq.  cm)  rectangle  ^  =  0.39  X 
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1.18  =  .464  sq.  in.  In  order  to  obtain  these  results,  the  test* 
bars  were  provided  before  test  with  uniform  divisions  over 
their  entire  length,  as  is  customary  in  all  public 
testing  laboratories.  On  each  of  these  divisions 
the  extensions  were  measured  after  test,  and  stated  in  ^  of 
original  length.  The  results  thus  obtained  were  plotted  in 
Fig.  89.  The  lines,  however,  as  must  not  be  forgotten, 
represent  test-bars  of  relatively  very  short  length  only;  they 
contain  the  effect  of  the  shoulders  (/o^,  Fig.  61). 

134.  Conceiving  these  diagrams  as  relating 
to  a  bar  of  very  considerable  length,  they 
will  assume  the  general  shape  shown  in  Fig.  90,  and  with 
this  drawing  as  a  guide  convincing  clearness  will  be  obtained 
of  the  influence  which  the  location  of  fracture  with  relation 
to  the  gauge-marks  must  have  on  the  measurements  of  ex- 
tensibility. 

Let  aa^  in  Fig.  90  represent  the  original  length,  the  gauge- 
length  4,  i.e.,  8  in.  (20  cm),  to  which  elongation  e^  is  referred. 
Evidently  the  elongation  of  one  part  of  this  length  is  equal 
to  the  mean  elongation  of  all  the  included  parts,  and  hence 
measured  by  the  area  of  diagram  over  aa^  whose  mean 
ordinate  is  =  e^.  If  rupture,  however,  occurred  near  one 
end  of  the  gauge-length,  so  that  the  gauge-marks  would  coin- 
cide with  b  and  b^ ,  the  measure  of  extensibility  would  then 
be  represented  by  the  hatched  area  over  W„  which  can  at 
once  be  said  to  be  smaller  than  the  area  above  aa^ ,  for  the 
added  hatched  area  over  ab  must  be  less  than  the  discarded 
area  over  a^b^.  It  can  also  be  instantly  seen  that  the  area 
over  the  equal  length  by  and  hence  the  measured  ex- 
tensibility,  must  be  a  maximum  when  rup- 
ture occurs  at  the  centre  of  length  /,  and  a 
minimum  when  occurring  exactly  at  a  gauge- 
mark  a  or  a^.  This  will  show  with  convincing  clearness 
that  even  in  the  same  bar  the  elongation 
or  extensibility  of  material  must  be  found 
of    different    values,     when     measurements 
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are  not  always  made  in  an  identical  man- 
ner, and  then  symmetrically  to  the  point 
of    rupture. 

If  the  fracture  occurs  away  from  the  middle  point  of  the 
gauge-length,  elongation  when  determined  between  gauge- 
marks,  as  is  so  commonly  done  in  practice,  cannot  be 
found  otherwise  than  too  small,  and  as  elon- 
gation is  used  in  practice  as  a  measure  of  quality,  the 
common  method  of  determining  elonga- 
tion invariably  injures  the  interests  of 
the    producer. 

135.  It  has  of  course  been  attempted  to  exclude  this 
palpable  error  of  method  of  measurement,  or  to  reduce  it, 
and  this  can  be  effected  by  the  method  developed  in  Sect. 

137. 

Consideration  of  the  curves  given  in  Fig.    89,   obtained 

from  bars  of  relatively  short  lengths,  will  show  that,  aside 
from  local  variations,  the  curves  either  side  of  the  point  of 
rupture  are  almost  identical.  This  proves  that  the  changes 
of  shape  of  bpth  ends  may  in  fact  be  assumed 
to  be  symmetrical  about  the  point  of 
rupture,  which  is  indeed  most  likely  to  be  the  case  in 
entirely  homogeneous  material,  and  has  frequently  heretofore 
been  quietly  assumed  to  be  the  case.  Essential  variations 
from  this  rule  are  only  found,  besides  in  the  above-indicated 
accidental  cases  produced  by  irregularity  of  material,  in  such 
curves  obtained  from  bars  which  were  ruptured  quite  close 
to  either  gauge-mark,  and  also  close  to  either  shoulder, 
Fig.  91. 

In  all  such  curves  derived  from  actual  test  the  effect  of 
holders  previously  described  {lod)  may  be  clearly  traced 
when  the  heavy  line  in  Fig.  92  is  conceived  as  the  curve  of 
elongations  up  to  the  instant  of  local  contraction;  it  fully 
corresponds  to  the  curve  previously  given  in  Fig.  51,  which 
shows  the  influence  of  holders.  The  broken  line  represent- 
ing contraction   becomes   tangent   to   the    heavy   line   (Fig. 
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g2a)  whenever  rupture  occurs  at  the  centre  of  test-piece; 
and  in  that  case  the  line  actually  becomes  symmetrical  about 
the  point  of  rupture.  As  soon  as  rupture  occurs  near  either 
shoulder  (^,)  symmetry  of  the  curve  on  either  side  of  it  is  no 
longer  perfect,  because  the  effect  of  the  near  head  on  shape 
of  local  contraction  is  greater  than  that  of  the  more  distant 
head,  which  must  in  fact  cease  entirely,  because  the  material 
between  the  point  of  rupture  and  the  more  distant  end  no 
longer  elongates  after  the  beginning  of  local  contraction. 
The  shape  of  this  side  of  the  local  contraction  must  therefore 
develop  exactly  as  in  case  of  a  very  long  bar.  In  short,  the 
shape  of  curve  can  no  longer  be  symmetrical  with  reference 
to  the  location  of  fracture,  as  soon  as  the  latter  occurs  near 
one  end  of  bar,  as  shown  in  Fig.  g2a^.  These  variations 
from  true  symmetry  are,  as  a  rule,  not  large  and  may  prac- 
tically be  neglected. 

136.  Under  the  practically  permissible 
assumption  that  deformations  are  sym- 
metrical about  the  point  of  rupture  there 
is  one  method  of  procedure,  which  gives 
accurate  values  for  extensibility  of  ma- 
terials under  all  conditions,  excluding  the  cer- 
tainly insignificant  errors  of  the  assumption. 

Conceiving  the  curve  of  elongations  of  a  test-bar  provided 
with  numerous  equal  spaces,  which  broke  at  point  a^ ,  Fig. 
93,  near  the  end  of  gauge-length  /^,  this  curve  may  be  con- 
sidered as  extended  over  the  further  end  a^  —  a^  shown  by 
broken  line.  In  this  case  the  true  elongation  of  the  material 
would  be  represented  by  the  area  over  d .  d^  =  l^.  This  can, 
however,  be  determined  with  equal  facility  from  the  bar 
broken  unsymmetrically,  by  filling  in  the  missing 
part  afi^ ,  obtained  by  measurement  of  the  c  or  re- 
sponding part  over  b Cy  on  the  other  side  of 
the  point  of  rupture.  Hence  the  true  value  of 
elongation  is  also  given  by  the  area  over  ba^  +  area  over  be, 

137.  In  order  to  carry  this  method  out  practically,  the 
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public  and  scientific  laboratories  provide  tension  test-bars 
with  spaces  (at  present  generally  centimeters),  which  are 
either  marked  by  the  double  centre-punch,  Fig.  94,  scribed 
by  a  dividing  engine,  or  by  using  a  special  spacing-gauge, 
Fig-  95*  When  rupture  occurs  at  any  one  of  these  divisions, 
merely  counting  the  spaces  will  locate  those  points  which 
were  originally  equidistant  from  the  point  of  rupture,  and 
hence  the  extension  of  the  spaces  missing  at  the  short  end, 
measured  from  those  correspondingly  situated  on  the  long 
end,  will  supplement  the  measured  extension  according  to 
the  above-described  method.  If,  as  in  Fig.  96,  rupture 
occurred  between  lines  o  and  i,  then  measurements  of 

(o  to  10  -|-  o  to  3'  -j-  3  to  10)  —  l^ 

I 
for  —  parts  will  give  ^,  and  hence 


e 
^%  =  J  .  100     by  calculation. 


a.  The  subject  of  determination  of  elongation  after 
rupture  has  repeatedly  occupied  the  attention  of  the  *'  Con- 
ferences for  Unification  of  Methods  of  Testing  of  Materials  " 
{L  128),  and  recommended  the  method  described  above.  On 
these  occasions  several  other  spacing-gauges  were  proposed, 
as,  e.g.,  by  Prof.  Belelubski.  The  Charlotten- 
burg  Laboratory  uses  simple  bars  as  in  Fig.  95,  only 
that  a  flat  strip  is  attached  on  one  side  as  shown  in  section  in 
F*g«  97«  This  strip  insures  proper  apposition  on  round  bars; 
the  back  of  it  is  used  to  scribe  a  straight  line.  The  scribing 
is  done  by  a  flat  knife-shaped  edge  tool,  the  flat  side  of  which 
is  carefully  and  accurately  guided  by  the  serrations  of  the 
gauge.  In  this  manner  the  usual  errors  of  inaccurate  scribing 
are  avoided. 

d.  Flat  bars  are  provided  with  divisions  on  both  edges. 
In  Charlottenburg  the  device  shown  in  Fig.  98  is  used,  in 
order  that  marks  on  the  two  sides  be  truly  opposite  to  each 
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other.  It  consists  of  a  wooden  base  provided  with  two  stops 
a  and  Cy  which  insure  the  relative  positions  of  the  bar  d  and 
the  gauge  e\  the  guide  b  fixes  the  position  of  the  other  end 
of  bar  d.  Stops  a  and  b  are  adjustable  in  a  dovetailed  groove 
in  the  base,  to  suit  various  lengths  of  bars. 

c.  In  order  to  determine  the  possible  errors  of  this 
method,  such  a  gauge  A  made  to  scribe  divisions  4  =  -273  in. 
(7  mm)  was  compared  with  the  standard  of  length  by  the 
dividing-engine  at  the  Laboratory,  then  a  set  of  lines  were 
scribed  with  it,  and  these  B  spaces  again  measured  by  the 
engine.  (This  test  affords  students  experience  in  micrometric 
measurements,  and  leads  to  observation  of  sources  of  errors, 
in  use  of  instruments  and  scales.)  These  results  of  measure- 
ments are  given  in  Table  lO. 

Table  10.    Comparison  of  SpaciDg-gaage  and  of  Spaces  produced 
I    =  0.273  in.  (7  mm)  with  tlie  Bamberg  Standard  of  Lengtli. 

A  indicates  spacing*gauge;  B  indicates  spaces. 


Readines  of 

Differences  of 

V                  4^ 

Residual 

Number 

Distance. 

Error 

of 
Line. 

A 

B 

A 

B 

of 
B 

O 

O 

0 

0 

0 

0 

—  10 

I 

7 

6.97 

7.03 

-     3 

+    3 

-     7 

2 

14 

13.99 

14.04 

—     I 

-f    4 

-     6 

3 

21 

21.01 

21.  og 

+     I 

+    9 

—     I 

4 

28 

28.01 

28.06 

+    I 

-f    6 

-    4 

5 

35 

35.10 

35.09 

-f  10 

+    9 

—     I 

6 

42 

42.06 

42.09 

-f    6 

+    9 

—     I 

7 

49 

49.08 

49.09 

4-    8 

+    9 

—    I 

8 

56 

50.11 

56.14 

+  11 

+  14 

■f    4 

9 

63 

63.16 

63.14 

-hi6 

+  14 

+    4 

10 

70 

70.10 

70.06 

+  10 

-f    6 

-    4 

II 

77 

77.10 

77.06 

+  10 

4-   6 

-    4 

12 

84 

84.10 

84.06 

4-10 

+    6 

-    4 

13 

91 

91.17 

91.10 

+  17 

+  10 

0 

14 

98 

98.23 

98.13 

-h  23 
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t    3 

15 
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105.18 

105.13 

-f  18 

+  13 

4-  3 

i6 

112 

112. 18 

112. 15 

+  18 

4-15 

4-    5 

17 
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119.22 

119. 15 

+  22 
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4-    5 

iS 

126 

126.25 

126.17 

j-25 

4-17 
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19 
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133.17 

T  33 
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4-    7 

20 
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140.26 

140.19 
Average  di 

+  26 
flference  of 

4-  19 

4-   9 

B  —  10.2 
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Examination  of  series  of  errors  A  and  B  shows  the 
variations  to  be  nearly  all  positive  and  almost  identical  with 
reference  to  the  standard  bar.  A  cumulative  error  was  not 
found  (the  divisions  of  the  gauge  were  copied  from  a  screw). 
As  the  reading  of  the  o  line  must  also  be  considered  as  con- 
taining errors  of  observation,  i.e.,  the  reading  and  difference 
Q  is  not  to  be  considered  as  having  greater  importance  than 
all  other  numbers,  the  actual  errors  of  divisions  B  are 
obtained  by  deducting  the  mean  error  of  B  (+  10.2)  from  all 
individual  errors  of  B,  the  same  as  though  shifting  the  spaces 
with  relation  to  the  scale  in  such  manner  that  all  dividing- 
lines  coincide  as  nearly  as  possible  with  the  actual  lengths. 
The  errors  then  still  existing  (last  col.  of  table)  appear 
positive  and  negative,  having  maxima  which  do  not  exceed 
0.004  ^^'  (o- 1  nim).  The  error  is  usually  very  considerably 
below  this  value. 

The  measurements  of  the  test-bar  are,  however,  usually 
made  directly  by  scale  or  by  dividers,  according  to  conditions, 
and  are  rarely  more  accurate  than  0.008  in.  (0.2  mm). 
Hence  scribing  spacing-lines  on  test-bars 
bymeans  of  a  spacing-gauge,  which  method 
is  in  general  use,  is  done  practically  with 
sufficient  accuracy  when  the  gauges  are 
sufficiently  accurate. 

e.  The  above-mentioned  **  Conferences"  have,  however, 
considered  the  question  of  measurement  of  extension  in  other 
ways.  It  is  known  that  rupture  originates  at  the  centre  of 
bars,  as  explained  in  Sect.  115,  and  that  extension  of  flat  bars 
near  point  of  rupture  is  greater  on  the  narrow  edges  than  at 
the  centre-line  of  the  wide  faces.  In  accord  with  this  fact 
the  Berlin  Conference  adopted  the  resolution  of  v.  T  e  t- 
majer  *'That  elongation  of  flat  bars  be 
determined  from  measurements  of  extension 
of  series  of  equal  spaces  on  both  narrow 
edges  (as  had  been  and  is  now  mostly  customary  at  the 
Charlottenburg  Laboratory)  and    on    one   wide    face.** 
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As  a  matter  of  course  I  introduced  this  method  in  the 
Laboratory  immediately  upon  adoption  of  the  resolution. 
Although  the  additional  labor  is  in  many  cases  hardly  worth 
the  trouble,  the  increased  certainty  of  the  threefold  inde- 
pendent determination  of  the  same  factor  is  sufficient  reason 
for  its  adoption  in  official  testing  laboratories.  It  is,  how- 
ever, valuable,  for  practical  work,  to  obtain 
certainty  as  to  what  extent  simplification 
of  methods  of  measurement  may  be  carried 
without  obtaining  very  erroneous  values  of 
elongation.  I  therefore  here  communicate  a  tabulation 
of  measurements  of  copper  flat  bars  0.273  X  0.82  in.  (7X21 
mm)  in  section,  Table  11. 


Table  11.    Differences  of  Elongation  of  Edges  and  of  Faces  of 

Copper  Flat  Bars. 

Ultimate  elongations  in  ^,  measured  on  10  spaces,  each  side  of  fracture. 


Section. 

Edges, 
mean 

Side. 

X  -  y 

a 
% 

in. 

a/b 

Marks. 

.273  X  .82 

% 

46.0 
49.2 

46.5 
48.5 

-  0.5 

-f  0.7 

46.3 
48.9 

£>  21 
D  22 

£>  23 

50.8 
49.6 
45.6 

50.1 

48.9 

45-4 

+  0.7 

4-0.8 

4-  0.2 

50.5 

49-3 
45.5 

-£"21 
£  22 

£2Z 

35.3 
28.6 

23.3 

35.1 
27.7 
22.9 

+  0.2 
+  0.9 

+  0.4 

35.2 
28.2 

23.1 

F21 
F22 
-^23 

The  error  due  to  measurements  on  the  face,  as  compared 
with  that  on  edge,  amounts  to  0.851^;  the  determination  as  a 
mean  of  the  edge-measurements,  compared  with  the  average 
of  the  three,  varies  as  much  as  0.4^. 

In  Table  12  I  have  tabulated  the  averages  of  variations 
X  —  y  obtained  from  identical  bars  of  copper  having  the 
dimensions  of  cross-section  as  stated  in  the  first  column,  the 
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elongation  in  one  case  having  been  obtained  from  a  length 
4=  S4>  and  again  4=  lo/^. 

Table  12.    Differences  of  Elongations^  determined  on  Botli  Edges 

(X)  and  on  One  Face  (y)  of  Copper  Bars. 

(Abstract  of  L  no,  pp.  92-97.    Tabic  22.) 
Elongations  in  tenths  per  cents. 


Sheet  Metal. 

A 
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8 
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a 

Tables  11  and  12  show  that  measurements  on  the  two 
edges  invariably  give  greater  values  than  those  on  the  faces, 
and  Table  12  shows  that  these  differences  are  greater  with 
shorter  gauge-lengths  than  when  the  latter  are  longer.  The 
averages  of  five  tests  already  show  that  the  differences  in  case 
of  very  wide  test-pieces  may  amount  to  2  units  of  e^;  in 
individual  cases  it  is  of  course  greater.  In  bars  having  ratio 
of  thickness  to  width  of  i  :  3,  variations  of  more  than  i^  are 
obtained;  the  smallest  differences  are  found  when  this  ratio 
is  I  :  I  (.square  section),  and  the  greatest  when  it  is  I  :  lO. 
I  have  demonstrated  this  in  still  greater  detail  in  my  report 
on  investigation  of  copper  {L  no,  p.  81  ^/  seq.). 

As  will  be  seen  from  these  results,  unilateral  meas- 
urements of  extension  on  face  of  tes  t-p  i  e  c  e  s 
of  cross-sectional  ratio  i  14,  having  a  gauge- 
length  of  sufficient  size  (which  is  again  to  be 
referred  to  later  on),  are  only  permissible  when 
casual  errors  of  elongation  of  1  ^  are  allow- 
able. This  error  is  of  course  only  noticeable  in  material 
which  contracts  very  considerably.  Measurements  must  of 
course  be  made  on  a  central  scribe-line,  beginning  at   the 
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edges  of  fracture  (/J/).  I  must  not  fail  to  call  attention  to 
the  fact  that  the  inspector  of  the  material  certainly  does  not 
treat  the  producer  poorly  when  he  allows  elongations  of  flat 
bars  to  be  determined  from  averages  of  measurements  of 
extension  of  the  faces. 

138,  Remembering  the  discussion  {ijs)  of  the  effect  of 
grips  or  shoulders,  doubts  may  certainly  be  expressed  as  to 
whether  it  would  not  be  more  accurate  theoretically  to 
determine  elongation  by  doubling  the  measurements  on  the 
long  end  of  the  fracture,  instead  of  supplementing  the  single 
measurement,  including  the  entire  fracture  and  contraction 
of  the  short  end  as  previously  described,  because  the  defor- 
mation at  the  contracted  section  on  the  long  end  is  least 
affected  by  the  influence  of  the  shoulders.  But  the  fracture 
does  not  always  coincide  with  one  of  the  divisions,  and  hence 
a  certain  correction  would  become  necessary,  to  be  strictly 
accurate.  When  the  fracture  is  decidedly  funnel-shaped,  the 
narrowed  part  a.  Fig.  99,  **  gorge,"  at  which  the  maxi- 
mum elongation  is  found,  does  not  coincide  with  the  fracture 
a^,  and  it  may  in  fact  be  located  at  a  considerable  distance 
beyond  the  bottom  of  funnel,  hence  raising  doubts  as  to 
which  point  is  to  be  used  as  the  origin  of  measurements  when 
using  this  method.  When  using  the  method  adopted  by 
public  laboratories,  of  supplementing  the  missing  spaces  of 
the  short  end,  this  doubt  is  avoided. 

139.  Many  tests  have  been  made  to  determine  the 
magnitude  of  errors  of  determination  of  elon- 
gation when  measuring  extension  between 
two  gauge-marks,  as  Compared  with  the  true  elonga- 
tion. Observations  made  on  a  single  test-bar  by  measuring 
the  proportional  spaces  will  easily  convince  any  one  that  the 
errors  may  amount  to  several  units  of  elongation.  Table  13, 
A,  gives  values  of  elongation  of  the  same  material  as  averages 
of  several  series  of  measurements.  Fracture  is  always  found 
at  division  18.  The  elongations  have  been  determined  from 
the  several  series  of  figures  and  under  the  various  assump- 
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tions,  as  though  rupture  had  occurred  at  i,  i  or  J  of  the 
gauge-length.  Grouping  these  values  of  elongation  as  in  B, 
Table  13,  and  again  reducing  them  on  the  basis  of  making 
the  value  obtained  as  if  the  fracture  had  occurred  as  at 
i/=  100,  will  give  the  relative  values  as  arranged  in  the 
second  part  of  B,  Table  13. 

140,  These  values  apply  to  low  steels  (Flusseisen),  in 
general  use  in  structural  work.  The  great  effect  of 
location  of  fracture  within  the  gauge-marks 
on  values  of  elongation  e^  will  be  self-evident.  When  rup- 
ture occurs  in  the  middle  third  of  the  length,  errors  up  to  4^ 
of  the  value  of  e^  are  still  possible.  In  order  to  at  least 
exclude  the  maximum  error  it  is  advisable 

to    use    the    method    of    direct    measure- 
ment of  extension  between    gauge-marks 
only  in  such    cases  where    rupture   takes 
place  in    the  middle  third  of   the    gauge- 
length. 
This    rule    is    of    course    only    absolutely    necessary    in 
material  which  shows  large  contraction,   in  which  therefore 
elongations  of  the   several   parts  of   the  bars  are  materially 
different.     But  it  must  be  emphasized  at  this  place  that  the 
scientific  value  of  statements    of   elongation 
of    strongly    contractile    material    is    a    very 
doubtful    one    when    the    method    of    deriving 
it    is    not    stated    at    the    same    time.       This    fact 
should  be  emphasized  on  every  appropriate  occasion,  because 
the  conviction  of  its  far-reaching  importance  is  as  yet  by  no 
means  common  property. 

a.  There  is,  however,  another  reason  which  justifies  the 
rule  above  laid  down,  that  direct  measurement  of  extension 
is  permissible  only  on  bars  having  the  point  of  rupture  located 
in  the  middle  third.  It  is  the  fact,  already  repeatedly  men- 
tioned, that  the  previous  supposition  of  symmetry  of  deforma- 
tion about  the  point  of  rupture,  in  case  this  is  located  near 
one  end  of  the  bar,  frequently  no  longer  holds  good  {iJSt 
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Fig.  92).  It  may  be  surmised  that  the  still  remain- 
ing residuary  error  may  even  be  smaller  un- 
der certain  conditions,  after  the  exclusion  of  bars 
ruptured  beyond  the  middle  third,  as  proposed  in  Sect.  140, 
than  that  committed  by  the  testing  labora- 
tories with  their  complex  method,  and  still 
existing  in  case  of  rupture  occurring  near 
one  end,  because  of  the  effect  of  shoulders.  However, 
very  exhaustive  investigations  of  this  matter  must  still  be 
made.  At  any  rate,  this  consideration  was  the  cause  which 
led  me  to  propose  the  adoption  of  the  method  described  in 
Sect.  140  to  the  Association-  of  German  Iron- 
masters. 

b.  I  must  here  discuss  another  proposition  made  in 
many  quarters,  and  which  was  advocated,  among  many  others, 
by  V.  Tetmajer.  It  is  a  common  opinion  that  the 
deformation  adjoining  point  of  rupture,  the  actual  stricture, 
should  be  excluded,  because  extensibility  of  a  bar  may  be 
considered  as  due  to  two  parts,  namely  that  due  to  stricture, 
which  shows  the  extensibility  of  but  a  very  limited  part  of 
the  bar,  and  of  a  second  due  to  a  uniform  behavior  of  the 
entire  length  of  bar.  The  latter  alone  was  proposed  to  be 
used  as  a  measure  of  quality  of  the  material.  However,  the 
assumption  that  elongation  is  constant  during  any  period  of 
the  test  over  the  entire  length  U  of  bar  is  approximated  only 
in  case  /  is  assumed  to  be  very  great.  In  our  short  test- 
pieces,  however,  the  effect  of  grips  becomes  noticeable  even 
within  the  elastic  limit,  and  it  is  strikingly  manifest,  as  has 
been  frequently  stated,  under  the  condition  of  bar  which 
alone  is  here  to  be  considered,  that  after  rupture.  In  a  bar 
of  limited  length  there  is  in  fact  no  part  in  which  the 
extensibility  is  constant  over  a  great  length.  Should  this 
have  been  determined  from  test,  it  would  be  either  merely 
accidental  or  due  to  method  of  applying  values  whi.ch  is  not 
free  from  criticism.  When,  however,  the  principal  assump- 
tion   of  the   proposition    here    discussed    is   inaccurate,    the 
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degree  of  error  of  the  proposed  method,  its  novelty  and 
advantage  for  determining  qualities  of  material  are  very 
questionable. 

b.  Influence  of  Gauge-length  Ig. 

141.  When  extensions  of  a  bar  provided  with  spacing 
are  measured  as  is  done  in  public  testing  laboratories  {ij6) 
and  on  different  lengths,  i.e.,  on  different  numbers  of  spaces 
symmetrical  with  relation  to  point  of  rupture,  values  essen- 
tially different  will  be  obtained  from  bars  showing  great 
contraction,  as  becomes  instantly  self-evident  from  an  exami- 
nation of  diagrams  of  elongation,  as  in  Fig.  89,  and  a  com- 
parison of  values  under  B,  Table  13.     Comparing  these  final 

Table  18.    Influence  of  Location  of  Fracture  and  Gauge-length  Ig 

on  the  Determination  of  Extensibility. 


A.  EloDipation  of  each  Division 

in 

Per  Cent. 

Test  Series. 

Spacing 

a 

1 
b 

c 

d 

e 

X 

17.4 

17  I 

«4-5 

_ 

— 

2 

19.1 

19.2 

J4-5 

— 

— 

3 

20.4 

21.9 

14-5 

— 

— 

4 

21.2 

22.5 

15-5 

15-5 

13. 0 

5 

20.4 

23-7 

15.0 

16.0 

x6.o 

6 

21.4 

334 

16.0 

16.0 

»7-5 

7 

22.3 

23.7 

x6.o 

18.0 

19.0 

8 

91.5 

25.1 

16.5 

20.0 

19.0 

9 

22.4 

a5-» 

18.0 

20.5 

20.0 

10 

21.7 

25-5 

20.0 

90.5 

92. 0 

XI 

23-7 

93  3 

19-5 

21.0 

22.5 

la 

92.  a 

93.5 

20.0 

9«    5 

93.0 

>3 

24.0 

25.x 

20.0 

22.5 

22.3 

14 

25.1 

26.4 

22.1 

22.0 

25.0 

»5 

26.6 

29.9 

22.8 

26.0 

28.8 

x6 

30.5 

38.2 

27.0 

32.5 

3^3 

17 

50. 1 

72.9 

56.5 

44.5 

58.0 

Rupture 

95-8 

86  0 

97.3 

78.0 

128. s 

X9 

39-3 

43.8 

56   0 

60.8 

81.8 

90 

32.0 

32.0 

27.0 

3»-3 

41-5 

21 

27.5 

27.8 

22.2 

29-5 

30-3 

22 

29.1 

26.7 

22.2 

26.5 

26.0 

93 

27.6 

25  5 

21.5 

23.8 

25.3 

«4 

25.8 

«4-4 

23.8 

22.5 

24-5 

»5 

26.  T 

24.7 

23.0 

22.5 

25.0 

96 

25.8 

'S'S 

22.8 

21.3 

24.8 

«7 

»3-3 

25.1 

20.2 

21.3 

94-5 

98 

23.0 

25.x 

18.5 

20.5 

94.8 

99 

22.3 

24.7 

20.0 

so.o 

94.5 

30 

22.4 

93'4 

20.0 

19.0 

24-5 

31 

20.8 

»3-7 

20.0 

17. 0 

233 

3a 

X9.8 

22    5 

19. 0 

X6.5 

93.0 

33 

19  6 

21.9 

X9-5 

16.5 

95-5 

B.  Elongation  referred  to  gauf^e-length  /   and 
location  of  fracture.  ^ 


Test 
Series 


a 
6 

c 
d 

e 


a 
b 
c 
d 

e 


Mean 


/^=«>/^ 


at 
end 


at 


at 


at 


'e  =  "  'i 


at 
end 


at      at 


't  =  i'd 


at 
end 


or  m  spaces 


or  in  proportion  to  rupture  at  %  /_ 


at 


I 

4 

5 

9 

9 

X2 

14 

M 

90 

93 

30.3 

94 

^0.5 

28 
31.1 

x8 

2X 

37-3 

23 
38.4 

x8 

28.9 

HI 

45.6 

3»-5 

32-6  32.7 

33-4 

38.6 

40.6 

42.0 

59.7 

26.4 

27.6  2-). 0129.0 

32.3 

37. T 

37.': 

45-J 

— 

28.7 

290,29. 9 

30  9 

31. 6 

38.2 

40.6 

MHIB 

33-7 

34-2 

35-4 

3a. 5 

47-4 

48.0 

54-9 

16 

20 

49-5 
54.6 
52.8 
50.8 
68.6 


93-0 

97  0 

98.3 

100 

88.8 

97.1 

lOO 

92.9 

94.4 

97-7 

98.0 

100 

91.9 

96.7 

100 

97.0 

91.0 

95-2 

9«-5 

100 

86  2 

98.8 

100 

85.9 

— 

959 

97.0 

xoo 

81.0 

9«  5 

100 

80.x 

— 

95  0 
96.2 

96.3 
'y7-2 

xoo 
xoo 

80.2 

98.7 
97.6 

too 
xoo 

79.8 

99.8 

85.6 

88.5 

xoo 
100 
xoo 
100 

100 

100 


Series  of  different  kinds  of  low  steel  (Flusseisen): 

a.  Mean  of  round  bars. 

b.  ••       "  flat  bars. 

c.  "       *'  round  bars. 

d.  *•      "  flat  bars. 
*.      "      "  flat  bars. 
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values  on  the  assumption  that  the  values  found  for  Ig  =  2ol^ 
are  equal  ioo»  we  shall  obtain  the  following  comparison, 
Table  14: 

Table  14.    Inflnence  of  Gauge-lengths  on  Yalnes  of  Elongation. 

Elongation  in  %  of  /r,  referred  to  fracture  at  centre. 

/rf  =  20  ;  /<f  =  10  ;  /</  =  5  corresponds  to  proportion  n  =— ^=  11.3  ;  8.5  and 

3.5  (/59).  ^* 


Shape. 
Low  steel  (Fiusseisen). 

/^.  20 

Or  referred  to 

/^  .  90  s=  100 

U' '° 

U'l 

0.  Mean  of  rounds* 

b.  Mean  of  flats  * 

c.  "       '*  rounds* 

d.  "       "  flatst 

/.      "       ••       *•  t 

31.1 

33-4 
29.0 

29.9 

35-4 

1 

38.4 

42.0 

37.5 

38.2 

48.0 

49.5 

54-6 
52.8 
50.8 
68.6 

123.5 
125.7 

129.2 
127.2 

135-5 

159-2 
163.7 

182.0 

169.7 
193-7 

*  Personal  tests,    t  Bauschinger^s  tests  (Mittheilg*.  Munich  XXL  p.  93). 

142.  The  discussion  of  the  previous  propositions  has 
already  developed  that  total  extension  may  be  considered  as 
composed  of  the  sum  of  the  extension  of  the  bar  before 
beginning  of  local  contraction,  and  the  extension  of  the  con- 
tracted part.  As  soon  as  the  bar  is  very  long,  i.e.,  as 
soon  as  the  effect  of  shoulders  and  grips  may  be  neglected,  it 
may  be  assumed  that  that  part  of  the  bar  beyond  the  part 
of  local  contraction  almost  retains  its  prismatic  shape  during 
contraction,  i.e.,  undergoes  a  uniform  extension  in 
all  parts.  If  P  be  the  extension  of  the  unit  length  up  to  the 
moment  of  local  contraction,  then 

e  z=  p,  l^,     up  to  that  instant; 

or  in  i>  of  gauge  length : 

e%  =  — T^  .  100  =  p .  100, 
P  being  a  constant  for  any  given  material. 
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If  extension  now  takes  place  during  local  contraction  ^^, 
then 

or  in  per  cent  of  l^\ 

ei -=•  100^/? +  7) 10 

A  term  independent  of  the  gauge-length  is  added. 

143.  Because  of  the  effect  of  grips,  which  was  omitted 
in  the  construction  of  this  formula,  it  cannot  be  strictly 
accurate  for  every  length  4-  This  effect  of  grips  is,  however, 
less  noticeable  as  the  length  increases.  In  short  bars, 
as  used  in  testing  materials,  to  avoid  unnecessary  expense  of 
testing,  the  so-called  proportional  elongation  no 
longer  appears  distinctly  separated  from  the 
local  extensibility  near  the  gorge.  The  merg- 
ing of  one  into  the  other  disappears  more  completely  as 
shorter  bars  are  used. 

144.  As  the  effect  of  length  of  test-piece  on  determina- 
tion of  elongation  is  dependent  on  local  contraction,  it 
becomes  clear  that  hard  and  soft,  i.e.,  slightly  and  highly 
ductile,  materials  must  show  an  appreciable  difference.  I  n 
less  ductile  materials  the  effect  of  length  on 
the  results  of  measurements  is  naturally  less 
than  in  those  more  highly  ductile,  and  generally 
more  contractile.  As  long  as  wrought  iron  with  its  low 
ductility  and  slight  contraction  was  the  principal  material 
for  constructions,  the  influence  of  length  of  test-piece  on 
results  of  measurements  was  hardly  noticed  in  routine  work. 
As  the  use  of  low  steel  (Flusseisen),  a  highly  ductile  material 
with  large  contraction,  increases,  it  will  become  more  and 
more  obligatory  to  carefully  study  this  influence,  and  to 
adopt  rules  which  will  eliminate  it. 
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c.  Influence  of  Size  of  Section. 

145.  Under  the  assumption  of  a  homogeneous  material 
it  may  certainly  be  expected  that  it  will  always  suffer  similar 
deformations  under  like  circumstances  (Z  loOy  102^  ii8y  I2j^ 
72p,  /jo),  at  least  there  is  no  forcible  reason  to  expect  any 
other  result;  experience  has  demonstrated  this  **  law  of 
similarities,"  as  was  probably  first  verified  by  Lebasteur 
and  Mari^,  1878  (Z  I02y  Vol.  I,  p.  120),  for  circular  sec- 
tions, and  for  rectangular  sections  by  B  a  r  b  a  in  1880, 
and  was  shown  to  apply  between  wide  limits,  as  will  be  more 
fully  shown  below. 

U  n  d  e  r  t  h  e  assu  m  p  t  ion  of  similar  sections 
and  long  bars  there  is  no  reason  to  imagine  that  dimen- 
sion of  cross-section  exerts  any  influence  on  uniform  ex- 
tension/?/^ or  of  uniform  elongation  ioo>^  of  test- 
bars. 

146.  It  may  be  expected  that  local  extensibility 
is  proportional  to  cross-sectional  dimensions, 
hence  proportional  to  cross-sectional  area,  for 
similar  shape  and  identical  material.  This 
assumption  has  been  verified  by  many  tests  {L  2^  Part  6  and 
21-131). 

We  may  assume  with  Bauschinger: 

in  which  >^  is  a  constant  peculiar  to  the  material,  due  to  the 
above  assumption : 

ei^  =  ioot-  =  \0OY—j- ; 
hence 


eH  ■=  iooy/3+y-j-) 


II 
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And  for  a  second  bar  of  the  same  material  but  of  different 
section : 


and  when  eiL  is  to  be  equal  in  the  two  cases,  then  e^  must  be 
=  e<jL^ ,  or 

ioo(/3  +  r-fl  =  ioo(/:f  +  r-^), 

or  -y—  =  -y— ,     hence     4  •  ^g^  =  ^^  '  ^^i>     •     ^2 

and  therefore:  gauge-lengths  must  vary  as  the 
square  roots  of  sectional  areas,  when  similar 
bars  of  identical  material,  having  different 
sectional  areas,  should  show  identical  elon- 
gation. 

This  proposition  is  self-evidently  only  aplicable  to  bars 
having  considerable  length.  For  bars  of  short 
length  the  effect  of  grips  must  again  be  considered. 

d.  Influence  of  Shape  of  Seotion. 

147.  From  general  considerations  based  on  assumptions 
having  a  high  degree  of  probability,  but  verified  by  many 
tests,  it  was  possible  to  elucidate  the  effect  due  to  length  and 
to  size  of  section,  assuming  such  bars  in  which  the  influence 
of  grips  and  shoulders  may  be  neglected.  Results  of  tests 
alone,  however,  instruct  us  as  to  the  effect  of  shape  of  sec- 
tion. The  previous  discussion  has  demonstrated  that  we 
must  adhere  to  the  use  of  comparable  bars 
having  lengths  4  proportional  to  the  square 
roots  of  the  sectional  areas.  Besides  this,  we 
must  fulfil  the  assumptions  on  which  the  formulae  derived 
are  based,  i.e.,  bars  of  greatest  possible  length, 
of    identical    material,  are    to    be    selected^ 
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and  their  elongation  ei>  determined  from 
the  measurement  of  previously  scribed 
space  Sy  symmetrically  located  about  the 
point  of  rupture. 

Hence  gauge-lengths  must  vary  as 


-i-  :^:;  or       — *=.  =  -= 

'r,  ,  Va        Va~' 

148.  By  plotting  liauschinger's  results  of  tests 
obtained  during  his  investigation  of  the  laws  of  the  effect  of 
shape  of  bars  {L  2,  Part  21,  Tables  I  and  II),  in  accordance 
with  the  above  principle,  it  will  be  found  that  elonga- 
tions arranged  according  to  the  ratio  /^  :  Va 
(Fig.  100),  in  spite  of  different  shapes  of 
cross-sections  (circle  to  rectangle  of  ratio  w/t=i) 
and  of  varying  dimensions,  will  conform 
to  a  smooth  curve  with  practically  suffi- 
cient approximation,  only  a  few  points  deviating 
to  any  degree  from  it. 

Bauschinger    compared    all    values    of    elongation 

determined  with  ratio  /g/^a=  S.^  in  his  above-mentioned 
series  of  tests,  with  those  obtained  from  the  same  material  in 
shape  of  standard  tests-bars  of  gauge-length  of  about  6  in. 
(15  cm)  and  diam.  =0.8   in.  (2   cm)  and  the   use   of   ratio 

4/  ^'^  ^  ^'S"  When  the  values  of  e^  thus  found  are  plotted 
according  to  increasing  section  as  in  Fig.  loi,  it  will  be 
recognized  that  cross-sectional  area  exerts 
but  a  slight  effect  on  the  value  of  elon- 
gation, within  the  limits  investigated  and 
with  the  material  used.  Possibly  a  very  slight 
decrease  of  elongation  e^  under  increasing  section  may  be 
deduced  from  Fig.  10 1. 

149.  By  calculating  averages  from  results  of  bars  of  equal 
ratio  7v/i  and  tabulating  them  according  to  increasing  values 
of  w/(  (width  to  thickness)  the  following  Table   i;  may  be 
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deduced  from  Bauschinger's  Tables  I  and  II  (or  bars 
of  ratio  /^/  V^j;  =  «  =  8.5. 

Table  15.    Inflnence  of  Shape  of  Section  on  Elongation* 

Elongations  e%  determined  for  lg/V(^  =  8.5 


B  a  u  s  c  h  i 

n  f?  e  r  *  8  Mittheilun^n,  Part  ai. 

Table   I. 

Table 

II. 

Elong^ation  €% 

Number  of  Tests 

Elongation  e% 

Number  of 
Tesis 

Rounds. 

33.9 

7 

Flat  bars  - 

1.3 

33.2 

2 

1-4 

31.0 

I 

1-5 

33-3 

I 

1-7 

31.7 

4 

33-5 

5 

1.8 

330 

I 

2.1 

31.8 

2 

33.2 

I 

2.5 

(29-9) 

I 

3.0 

32.0 

I 

34.5 

I 

• 

These  figures  show  that  shape  of  section  within  the  limits 
of  the  tests  has  not  had  any  noticeable  effect.  Although 
the  shapes  used  in  routine  work  are  included  within  the  limits 
of  those  used  by  B  a  u  s  c  h  i  n  g  e  r,  it  is  nevertheless 
necessary  to  collect  additional  results  of  tests,  and  especially 
to  extend  the  investigation  based  on  similar  points  of  view 
to  other  materials. 

150.  The  similar  earlier  tests  by  Barba  (Z,  //^  and  iiq) 
were  made  on  a  somewhat  different  plan  and  do  not  permit 
such  a  general  comparative  review  as  previously  given. 
Their  study  is,  however,  valuable  and  to  be  strongly  urged. 
Fig.  102  is  here  referred  to,  which  represents  elongations 
plotted  as  in  Fig.  loi,  deduced  by  Barba,  from  low-steel 
(Flusseisen)  bars  of  different  section,  having  lengths  propor- 
tional to  sectional  area.  In  addition  to  these  another  of  his 
investigations  may  be  discussed,  because  he  shows  the  effect 
of  grips  and  shoulders  on  value  of  ^^  in  a  very  instructive 
manner. 
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B  a  r  b  a  tested  a  series  of  bars  of  equal  diameter  of  one 
material,  low  steel  (Flusseisen),  but  of  different  end  lengths, 
having  identical  shoulders,  and  compared  the  values  of  e^ 
thus  found  (line  A^  Fig.  103)  with  those  of  e^  (line  B)  deter- 
mined on  various  gauge-lengths  selected  on  a  bar  of  great 
end-length,  initially  provided  with  spacing,  and  of  a  diameter 
the  same  as  that  of  bars  of  series  A, 

Hence,  according  to  Fig.  103,  elongation  was 
considerably  affected  in  B  a  r  b  a's  tests  by 
the  action  of  the  shoulders,  but  less  as  the 
length  of  bar  increased.  The  importance  of 
the  limitations  regarding  the  formulae  of  the  effect  of 
length  and  section  on  the  results  of  determinations  of  elon- 
gation will  become  apparent.  It  is  also  clear  that  com- 
parisons cannot  as  yet  be  made  between 
elongations  of  short  gau  ge-1  engths  of  long 
bars  and  those  determined  on  the  same 
gauge-lengths     on     short    bars,      even      when     the 

values  of  l^/  Va^  as  well  as  the  sectional  area  and  shape,  are 
identical;    for  when  using  standard  bars  of   0.8    in.   (2  cm) 

If 
diam.  and  4=8  in.  (20cm),  hence  — -:^=ii.3,  Barba  ob- 

Va 

tained  e^  =34.5^  in  case  of  the  long  bar  and  also  e^  =  28.3^, 
hence  a  difference  of  100  :  82.  This  is  an  apparent  contra- 
diction of  the  Bauschinger  results  given  in  Sects.  148 
and  149,  which  proved  that  elongations  e^  were  found  to  be 

the  same  when  /  /  Va  was  the  same,  even  when  sectional 
area  and  shape  were  different.  Hence  it  will  be  readily  seen 
that  such  additional  directions  for  methods 
of  testing  must  necessarily  be  adopted 
which  eliminate  the  effect  of  shoulders, 
when  it  is  desired  to  obtain  identical  elongation  with  bars  of 
different  dimensions,  as  would  be  obtained  from  a  standard 
bar  of  identical  material  of  0.8  in.  (2  cm)  diam.  and  8  in. 
(20   cm)  gauge-length.      It  comes   natural  to   examine   the 
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results  of  tests  as  to  whether  they  satisfy  formula  1 1  stated 
in  {14.6) : 


ei.  =  lOo(/?  +  y  Vj^ 


This  has  been  attempted  in  Fig.  104  with  the  results  of 
Barba  and  Bauschinger  previously  given,  and  others 
by  Martens;  the  tests  refer  to  bars  of  very  various 
shapes  and  sectional  area  of  low  steel  (Flusseisen)  of  different 
tenacities,  and  of  several  kinds  of  copper.  It  will  be  seen 
that  as  a  whole  the  diagrams  approximate  right  lines.  This 
proves  the  general  correctness  of  the  as- 
sumption of  indifference  of  sectional  shape, 
within  practical  limits.  Nevertheless  the  lines  c 
show  discrepancies  which  are  not  readily  explained.  Lines 
A  are  also  striking.  They  represent  the  two  curves,  Fig. 
103,  found  by  Barba;  //'  represents  elongations  determined 
from  individual  spacing  on  the  long  bar  [20  in.  (50  cm) 
between  shoulders],  and  A  the  elongations  as  determined  oh 
identical  gauge-lengths  of  short  bars;  the  influence  of 
shoulders  must  have  become  more  pronounced  in  case  of 
short  bars. 

t.  The  Law  of  Similarity. 

161.  When  discussing  the  effect  of  stricture  on  the  value 
of  e^^  use  was  made  of  the  consideration  that  deformations 
of  long  bars  of  quite  homogeneous  material  would  of  neces- 
sity be  similar,  provided  the  shape  of  section  was  similar. 
It  was  seen  that  dimensions  and  shape  of  section,  within  the 
limits  used  by  Bauschinger,  i.e.,  those  which  cover 
general  practice  in  testing  materials,  had  no  material  effect 
on  elongation,  as  long  as  the  gauge-length  was  made  propor- 
tional to  the  square  root  of  the  sectional  area.  Bausch- 
inger, however,  mainly  used  bars  in  which  the  finished 
or  end  length  (length  between  shoulders)  exceeded  the 
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gauge-length  but  slightly,  and  on  which  the  heads  (shoulders) 
were  approximately  similar. 

The  law  of  similarity,  as  Barba  called  it  (Z  118 
and  119),  or  the  law  of  proportional  resistances,  as 
Kick  {L  lod)  named  it  from  a  broader  point  of  view,  can 
be  formulated  for  the  case  in  hand  as  follows  : 

''Under  identical  conditions  and  stress, 
bodies    of    identical    material    and     of 
geometrically   similar  shape   undergo 
geometrically  similar  deformations.*' 
Hence  it  is  to  be  expected  that  equal  elongations  will  be 
obtained  from  two  test-pieces,  within  the  unavoidable  differ- 
ences of  material  and  limits  of  errors  of  testing,  when  all 
dimensions,  those    of    the   shoulders,   necks,   fillets,   finished 
length,  gauge-length    and    spacing  within    the    latter,  were 
made    proportional    to    each    other.     Strictly    speaking,    all 
secondary  conditions  must  also  conform  to  this  law  of  simi- 
larity; gripping  must,  for  instance,  be  similar,   etc.     These 
matters  sometimes  make  it  difficult  to  determine  the  cause 
of  variations  from  the  law  when  results  occasionally  contra- 
dict it. 

152.  A  general  derivation  and  demonstration  of  the  law 
by  results  of  tests  would  lead  us  too  far;  it  will  probably 
suffice  to  mention  the  work  of  Barba  (Z  //<?,  i2g)^ 
Bauschinger  {L  2)^  and  Kick  (Z  100)^  which,  all  of 
them,  refer  to  the  literature  on  the  subject,  and  partly  dis- 
cuss it. 

For  the  purposes  of  this  book  it  will  suffice  to  bring 
proof  by  means  of  Fig.  105  as  to  the  high  degree  of 
agreement  of  elongations,  even  in  indi- 
vidual spaces  on  bars,  when  measurements 
are  made  on  geometrically  similar  lengths 
of  geometrically  similar  bars.  The  curves 
represent  extensions  of  every  individual  space  on  the  bars  up 
to  the  fracture,  in  ^  of  4;  full  lines  refer  to  rough  rolled  bars 
and  to  flat  bars  having  the    roll-scale    on    their    faces;    the 
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dotted  lines  refer  to  bars  finished  all  over.  The  material  is 
low  steel  (Flusseisen).  The  full  lines  (large  sections)  and 
dotted  lines  (small  sections)  cover  each  other  as  closely  as 
can  ever  be  expected  to  occur  in  such  tests.  Group  Dy  Fig. 
105,  which  gives  curves  of  averages  of  the  curves  A  (rounds) 
and  B  and  C  (flats)  without  regard  to  dimensions  of  bars, 
gauge-length  varying  from  0.56  to  0.43  i^'a^  clearly  shows 
that  shape  and  area  of  section  are  with- 
out   influence. 

I  have  discussed  the  matters  referred  to  in  the  previous 
sections  very  exhaustively  in  my  report  of  tests  of  copper 
(Z  7/0,  p.  98  et  se^.)f  giving  many  examples,  and  especially 
emphasizing  that,  if  the  law  of  similarity  be  strictly  fulfilled, 
the  diagrams  for  5  and  e  for  different  bars, 
but  geometrically  simila  r,*  must  coincide 
at  all  points.  Discrepancies  were  proven  to  exist  in 
the  case  of  soft  copper,  which  have  not  yet  been  explained ; 
with  hard  copper,  the  requirements  were  fulfilled  almost  com- 
pletely. 

8.  Influence  of  Shape  of  Bars  on  Stress  8^^  Syt  ^jf »  and  on 

Contraction  c, 

153.  After  having  learned  what  important  influ- 
ence the  shape  of  test-piece  exerts  on 
the  values  of  elongation  of  a  material,  it 
remains  to  investigate  whether  stress  at  proportional .  limit 
Spf  yield-point  Sy,  and  at  maximum  stress  S^f^  as  well  as 
contraction  Cy  are  subject  to  a  similar  effect. 

Again  referring  to  results  of  B  a  u  s  c  h  i  n  g  e  r*s  tests 
{L  2y  Part  21)  of  low  steel  (Flusseisen)  and  wrough-iron  round 
and  flat  bars  of  different  sectional  area,  and  plotting  them 
according  to  magnitude  of  area,  the  comparison  shown  by 
Fig.  106  will  be  obtained. 

*  According  to  elucidations  in  Chapters  y  and  d,  this  holds  true  in  gen- 
eral for  bars  in  which  equal  conditions  /jr=  n^a  obtain  and  the  influence 
of  shoulders  is  made^  to  act  in  an  approximately  similar  manner. 
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The  ratio  of  cross-sectional  dimensions  of  flat  bars  w:t 
varied  from  1.3  to  3.0.  All  values  of  efi  are  those  of  gauge- 
lengths  4=8.5^^2,  and  must  therefore,  according  to  the 
previous  chapter  c^  be  equal  in  both  groups,  as  long  as  the 
finished  or  end  lengths  are  chosen  with  a  definite  relation  to 

Ig  Va,  and  the  shapes  of  shoulders  were  similar,  which,  how- 
ever, was  not  strictly  true  in  B  a  u  s  c  h  i  n  g  e  r's  bars.     The 

finished  or  end  length  varied  between  l^Va=S  to  17,  and 
was  in  fact  24.7  in  one  case. 

From  both  groups  in  Fig.  106  it  is  apparent,  what  has 
moreover  been  amply  confirmed  in  regard  to  stress  by  numer- 
ous tests  of  early  and  recent  authors,  that  the  influence  of 
section  and  of  shape  of  bar,   within  the    practical  limits  of 

dimensions  and  within  the  limits  of  4=  (8  to  17)  V a  for  all 
points  observed,  i.e.,  stress  at  £,  at  P,  at  F,  and  at  M,  as 
well  as  of  deformations  c  and  e^,  is  very  slight,  as  long  as  e^ 
is  determined  from  lengths  which  are  proportional  in  all  bars 
to  Va,  (N.B.  It  must,  however,  not  be  forgotten  that 
these  deductions  must  be  referred  only  to  those  materials 
from  which  they  were  obtained.) 

154.  Even  when  the  results  ofBauschinger's  tests 
are  arranged  according  to  differences  of  values  of  l^Va,  we 
will  reach  the  result  that  influence  of  shape  and  magnitude 
of  cross-section,  as  well  as  the  ratio  of  finished  or  end  length 
to  sectional  area,  has  practically  no  influence,  within  the 
limits  investigated  by  him,  on  the  stress  £,  Spy  Sy,  and  5^, 
On  the  other  hand,  this  comparison  shows  that  ^^  and  c 
(i.e.,    deformation)  are    slightly   affected,    as    they    increase 

slightly  when  the  ratio  /:  Va  increases,  which  would  again 
confirm  the  law  previously  stated  about  the  effect  of 
shoulders  and  grips,   because  it  is  asserted  that  elongations 

ef(  observed  on  proportional  gauge-lengths  [/^=  S.$  Va) 
increase  as  the  proportion  /:  4  increases. 

If  it  is  desired  to  clearly  trace  the  effect  of  shoulders  by 
tests,   it  will  be    necessary  to  vary  their  shapes  to    an    ex- 
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aggerated  degree;  but  few  tests  of  this  kind  have  as  yet  been 
made.  Some  ideas  in  this  direction  may  be  obtained  from 
Table  16,  in  which  I  have  tabulated  the  results  of  Barb  a's 
tests. 

Table  16.    Besnlts  of  Barba*s  Tests  on  Iiiflaence  of  Sbape 

(Flusseisen). 


\ 


t2j 


R 


y 


r 


• 

D  i  m 

e  n  s  i  0  n  s.* 

• 

Width  w 

1.20 

0.55 

1.20 

0.55 

1.20 

Thickness  t 

0.55 

0.55 

0.23 

0.55 

0.23 

Sectional  area  a 

0.66 

0.30 

0.276 

0.30 

0.276 

Gauge-length  /^ 

8 

4 

4 

0 

0 

/,/i/j 

9.8 

0.7 

0.7 

0 

0 

0.55 

0.23 

0.126 

o 


^M 


'r 


R  e  s  u  1 

t  s   0  f   T 

est  s.* 

59700 

61900 

62600 

65000 

81200 

30.5 

65.0 

40.0 

45.7 

57.1 

61.8 

51-3 

49.8 

very  slight 

almost  0 

86000 

60.4 

o 


*  Dimension  and  stress  reduced  from  metric  system  are  approximate  values. 

It  will  be  seen  that  the  contraction  c  becomes  less  as  the 
effect  of  shoulders  is  allowed  to  become  more  pronounced ;  if 
it  is  prevented  altogether,  as  in  forms  d,  e^  and  /,  in  which 
Ig  is  almost  equal  to  o,  elongation  eio  will  also  become  im- 
measurable, whether  immeasurably  great  or  immeasurably 
small  cannot  be  instantly  decided.  From  the  foregoing  it 
was  learned  that  elongation  increases  with  decreasing  gauge- 
length;  it  is  questionable  whether  this  law  is  valid  without 
limitations.  It  might  be  possible  to  deduce  a  limitation  from 
the  equally  valid  law  of  effect  of  shoulders,  which  act  to 
decrease  elongation.  The  less  a  bar  is  allowed  to  fulfil  the 
tendency  to  contract  because  of  the  effect  of  shoulders,  the 
greater  will  be  the  apparent  tenacity.  Hence  the  fact 
deduced  from  Bauschinger's  tests,  that  stresses  at  £, 
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P,  Yy  and  M  are  unaffected  by  cross-section,  will  most  likely 
be  correct  only  between  limited  values. 

In  Section  103^^  I  previously  referred  to  similar  tests  made 
at  Charlottenburg(Z  IJ2).  In  these  tests  of  bars 
with  circumferential  grooves  or  screw-threads  an  increase  of 
tenacity,  up  to  19^,  could  be  demonstrated. 

0.  On  Shapes  to  be  used  in  Tension-tests. 

155,  The  recognition  of  the  fact,  repeatedly  mentioned 
in  the  foregoing  sections,  that  the  shape  of  test- 
piece  is  not  without  influence  on  the  re- 
sults of  the  tension-test,  led  to  the  adoption,  of 
standard  shapes  in  the  art  of  testing  materials,  soon  after  its 
general  introduction.  These  shapes  were  originally  used  in 
small  districts,  and  sprang  up  in  many  places;  they  were 
hence  manifold,  and  therefore  unobjectionable  comparison  of 
results  of  tests  obtained  at  different  places  was  not  possible. 
Railway  managers,  great  technical  governmental  depart- 
ments, the  large  technical  associations  representing  the 
interests  of  producers  and  consumers,  constantly  sought  to 
harmonize  larger  circles,  urging  the  adoption  of  the  proposi- 
tions made  by  them.  Finally,  the  Conferences  for 
Unification  of  Methods  of  Testing  Ma- 
terials, previously  frequently  mentioned,  were  convened 
in  Germany,  as  well  as  similar  conventions  in  other  countries, 
which  attempted  to  unify  conditions  in  each  country  and  if 
possible  internationally.  Nearly  all  engineering  associations 
in  many  countries  have  taken  the  liveliest  interest  in  these 
questions,  which  has  recently  led  to  the  formation  of  a  large 
International  Association  for  Testing 
Materials,  which  has  a  membership,  rapidly  growing,  of 
over  1600  members,  representing  more  than  25  countries. 
The  association  is  attempting  the  unification  and  improve- 
ment of  the  entire  science  of  testing  materials. 

156.  As  has  been  repeatedly  stated,  the  round  rod  of 
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0.8  in.  diam.  and  8  in.  length  (2  cm  and  20  cm)  is  at  present 
in  most  general  use.  This  bar  has  even  in  Germany  generally 
displaced  the  i-in.  bar  (2.5  cm),  because  the  larger  bar 
requires  more  powerful  testing-machines,  which  becomes 
objectionable  because  of  the  more  general  use  of  the  stronger 
low  steels  (Flusseisen). 

a.  At  present  I  shall  not  discuss  all  proposed  so-called 
standard  shapes  of  test-bars,  because  this  would  lead  us  too 
far,  but,  using  the  deductions  developed  in  the  foregoing 
sections,  shall  confine  myself  to  those  shapes  which  have 
been  adopted  by  the  Royal  mechanical  technical  Testing 
Laboratory  at  Charlottenburg  which  is  under 
my  direction  {L  ijj).  The  standard  round  bar  was  adopted 
as  a  basis,  and  flat  bars  of  equal  section  and  of  ratio  w :  /  not 
exceeding  5  were  adopted.  When  for  any  reason  the  test- 
bars  must  have  a  section  greater  or  less  than  0.487  sq.  in. 
(3.14  sq.  cm),  then  all  other  dimensions  are  made  as  in  the 

case  of  the  round  bar  in  relation  to  Va  as  a  unit.  Bars  of 
section  0.487  sq.  in.  and  of  «/:  /  =  i  to  5  are  called  **  stand- 
ard bars,"  those  of  different  sections,  but  proportional 
dimensions,  are  called  "proportional  bars,"  in 
accordance  with  Bauschinger's  method.  These  pro- 
portional bars,  however,  are  not  given  indefinite  areas,  but 
these  increase  in  such  manner  that  spacing  /^  also  increased 
proportionately  varies  by  whole  units  of  0.04  in.  (o.i  cm). 

6,  It  is  necessary  to  use  a  whole  set  of  corresponding 
spacing-gauges  (Fig.  95)  for  laying  off  these  spaces,  and  pro- 
portional scales,  divided  acording  to  per  cents  of  4,  are  used 
for  determining  elongation,  so  that  e  and  e^  can  be  read  off 
directly  for  any  length  4*  Similar  provision  has  been  made 
for  measurements  of  precision,  the  scales  also  being  divided 
in  proportion  to  the  length  /,  used  for  this  purpose.  Hence 
all  readings  are  made  as  referred  to  the  length  of  observation, 
and  all  that  is  necessary  is  to  arrange  the  testing-machines  so 
that  stress  can  be  read  off  directly,  instead  of  loads,  with 
ample  practical  accuracy,  or  that  diagrams  of  5  and  e  can  be 
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plotted.  I  shall  show  later  on  that  this  is  possible.  The 
great  value  of  such  arrangements  will  be  readily  appreciated 
when  it  is  considered  that  an  extraordinarily  complete  and 
rapid  survey  of  the  material  tested  can  be  thus  obtained,  with 
great  simplification  of  calculation,  for  identical  ma- 
terials must  show  equal  elongat  io  ns  ^Ji^  under 
equal  stress  5  during  all  periods  of  test  when 
using  comparable  shapes  of  tes  t-p  i  e  c  e  s,  and 
diagrams  plotted  according  to  S  and  e^  must 
coincide. 

15 7  •  If  it  is  desired  that  bars  varying  in  section  from 
the  standard  round  rod  give  practically  the  same  result  as 
obtained  from  the  latter,  they  must  have  sections 
and  dimensions  which  have  been  chosen  in 
accord  with  the  law  of  similarity  and  the  ex- 
perience that  shape  of  section  is  without  in- 
fluence. 

The  standard  round  bar  used  at  the  Chariot- 
tenburg  Testing  Laboratory  has  dimensions  as 
shown  by  Fig.  107  on  left  half  of  bars.  Proportional 
bars,  based  on  the  former,  are  given  dimensions  based  on 
^a  as  unity,  as  shown  on  the  right-hand  halves  of  bars  shown 
in  Fig.  107;  it  is  also  to  be  remarked  that  the  dimensions  of 
shoulders  are  based  upon  the  width  w  of  the  section  of  body 
of  bar,  and  that  the  fillet  at  the  shoulder  is  said  to  have  a 
radius  equal  to  one  half  the  diameter  of  the  mill  used  in 
forming  it.  The  diameter  of  mill  is  assumed  as  .273  in. 
(7  mm),  but  it  may  vary  from  0.234  (6  mm)  to  0.312  in. 
(8  mm). 

168«  When  prismatic  (rounds  and  flats)  bars  without 
shoulders    are    to    be    tested,    the    length   L    between    grips 

should  be  appropriately  =  20  ^a^  and  using  a  gauge-length 
l^  =  1 1.3  \  Uy  and  the  spacing  4  =  O-S^S  V^,  as  in  the  pro- 
portional round  bar. 

a.  The  foundation  of  the  system  above  described  might  un- 
doubtedly be  greatly  simplified  if  the  selection  of  test-pieces  could 
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be  entirely  systematic,  and  if  we  were  not  bound  to  a  certain  degree 
by  a  very  general  custom  and  common  usage.  It  would  moreover 
be  especially  beneficial  to  adjust  the  selection  of  sectional  areas  of 
standard  bars  to  the  metric  system,  by  adopting  the  areas  as  2,  2.5  and 
5  sq.  cm  (0.31,  0.377  and  0.775  sq.  in.)  to  facilitate  the  mental  arith- 
metic of  transforming  loads  into  stress,  or  avoiding  it  entirely  by  the 
application  of  proper  relative  designations  on  the  poise-weights. 
Unfortunately,  however,  0.31  sq.  in.  (2  sq.  cm)  is  rather  small  ;  0.775 
sq.  in.  (5  sq.  cm)  requires  larger  machines  ;  while  0.377  sq.  in.  (2.5 
sq.  cm)  sections  produce  inconvenient  conditions  of  poise-weights. 
b.  The  shapes  of  test-pieces  above  described  appear  very  manifold 
at  first  sight,  and  practically  difficult  to  use.  The  matter  is,  how- 
ever, by  no  means  as  difficult  as  it  appears.  The  individual  dimen- 
sions of  standard  bars,  as  well  as  of  the  proportional  bars,  made  on 

the  basis  of  Va  as  a  unit,  are  tabulated,  and  gauges  are  made  for  the 
principal  dimensions.  These  tables  and  gauges  are  few  in  number, 
as  bars  of  indefinite  sections  are  not  used  for  proportional  bars, 
which  are  limited  to  a  few  graduated  types.  These 
several  graduated  shapes  are  marked  with  definite  numbers  which 
are  also  placedpn  the  gauges,  spacing-gauges,  and  the  percentile  gauge 
for  elongation,  so  that  manipulation  and  preparation  of  test-bars  are 
not  inconvenient  after  having  become  familiar  with  the  system. 

c.  Account  must  always  be  taken  of  the  fact  that  bars  will  never 
be  finished  accurately  to  directions  ;  section  must  hence  invariably 
be  determined  by  actual  measurement.  In  order  to  abbreviate  cal- 
culations a  series  of  printed  tables  have  been  published  (Z  2o6-2oS)y 
which  make  it  possible  to  read  off  stress  directly,  for  any  area  or 
load.  If  approximations  are  sufficient,  the  ordinary  slide-rule  will 
suffice  for  calculation  ;  it  must  be  remembered  that  an  accuracy  of 
±  i^  will  suffice  for  most  practical  purposes. 

169.  It  will  be  clearly  seen  from  the  foregoing  para- 
graphs that  the  true  value  ofresults  of  tension- 
tests  can  be  alone  recognized,  and  that  reports,  especially 
of  elongation  after  rupture,  deserve  scientific  recognition  only 
in  case  they  permit  understanding  the  method 
and  conditions  under  which  the  results  had 
been  obtained.  The  rules  proposed  in  the  previous 
section  would  also  necessarily  appear  valueless  and  ex- 
aggeratedly painstaking  if  the  value  of  elongation 
were  given  or  published  without  a  statement  of 
the  gauge-length  used.  For  this  reason  I  made  the 
proposition  in  my  report  of  investigations  of  copper  {L  iiOy 
p.  107): 
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that  the  factor  of  elongation  n  =  l^/  y^a  be  appended  as 
an  index  to  the  value  e^  of  the  elongation  after  rnptorey 
hence  writing  it :  e^n  =  ^* 
Hence  ^;^„  3  =  x  would  be  the  form  for  the  standard  bar. 

Although  I  have  repeatedly  indicated  that  all  explanations 
in  sees,  i  to  9  (Z  no)  relate  essentially  to  circumstances 
obtaining  in  tension-tests  of  metal  bars,  I  nevertheless  desire 
to  again  emphasize  it  in  this  place,  so  as  not  to  mislead  in 
any  manner.  For  other  materials  and  under  other  circum- 
stances it  will  become  necessary  to  reflect  or  to  make  inde- 
pendent investigations  to  determine  to  what  extent  the  views 
previously  given  may  apply. 

Other  considerations  are  determinant  in  other  cases,  e.g., 
of  wood,  leather,  silk,  and  paper  (bodies  of  density  ^/<  i). 
Stone,  cement,  concrete,  etc.,  must  be  tested  under  tension 
in  shapes  other  than  those  used  for  metal;  textile  fabrics, 
thread,  fibre  or  glue,  solders,  etc.,  require  special  procedure, 
and  the  results  are  affected  by  factors  other  than  those 
which  could  be  considered  in  the  foregoing  chapters. 

It  would  lead  us  too  far  if  I  were  to  take  up  all  of  these 
points  in  this  place.  I  make  the  reservation  to  revert  to  the 
most  important  matters  when  discussing  the  properties  of 
materials  later  on. 

lO.  Influence  of  Shape  of  Test-piece  on  —  Sy*  —  Sjuc  and  on 

-  efi* 

160.  The  law  of  similarity  also  applies  to  crushing-stress. 
It  can  be  enunciated  as  follows: 

Bodies     of     identical      material     and     of 
geometrically     similar     shape     undergo 
geometrically       similar        deformations 
under   identical    conditions   and    stress. 
From  this  we   may  make  the  particular  deduction  that 
equal  crushing  —  e^,  referred  to   original  height,  will  be  ob- 
tained from  tests  of  cubes  of  identical  material  having  dif- 
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ferent  dimensions,  when  subjected  to  equal  crushing-stress 
—  5.  The  crushing*  at  rupture  —  ^^  must  also  be  the  same 
regardless  of  the  dimensions  of  cube  used. 

The  law  of  similarity  can,  however,  apply 
rigidly  only  to  those  bodies  which  have  a 
perfectly  homogeneous  structure;  i.e.,  whose 
structural  conditions  are  geometrically  similar.  It  can,  for 
instance,  be  applied  to  wood  only  when  the  conditions  of 
growth  conform  to  the  law  of  similarity  in  the  test-pieces 
compared.  This  consideration  was  the  reason  which  led  me 
to  propose  the  selection  of  cubes  of  wood  for  comparative 
tests,  cut  from  disks  at  different  heights,  one  edge  of  which 
touched  the  bark,  while  the  other  coincided  with  the  centre 
of  the  heart  of  the  tree-trunk,  for  use  in  the  investiga- 
tions made  by  the  Charlottenburg  Laboratory, 
jointly  with  the  Eberswalde  Academy  of 
Forestry,  of  the  properties  of  resistance  of  Prussian 
Timber.  This,  however,  did  not  permit  strict  compliance 
with  the  law,  but  greatest  possible  approximation  was 
reached ;  the  necessary  use  of  greatly  varying  dimensions  of 
cubes  was,  however,  unavoidable. 

161.  As  a  matter  of  fact  the  tests  of  G  a  u  t  h  e  y, 
Souffle  t,  Perronet  (i  774),  Rondelet,  Vicat 
(previous  to  1833),  Bauschinger,  and  others,  {L  2,  Part 
6 — L  114)  prove  the  correctness  of  the  law  of  similarity 
in  regard  to  stress.  Table  17  gives  some  of  the  results  of 
these  tests;  further  corroboration  is  to  be  found  in  the 
reports  of  Bauschinger  (Z  2,  Part  6),  of  myself 
(Z  J3S)y  sind  of  Kick  (Z  100). 

162.  The  French  authors  quoted  had  already  proved  by 
tests  that  resistance  to  crushing  is  dependent  upon  shape 
of   cross-section    and    length    of    prism.      Bauschinger 

*  As  the  terms  compression,  compressibility,  etc.,  are  scientifically 
applied  to  other  qualities  and  occurrences,  I  shall  use  the  word  "  crush- 
ing "  as  a  distinct  technical  term,  which  means  the  reverse  of  extension 
(elongation). — G.  C.  Hg. 
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deduced  the  relation  between  crushing-resistance,  —  Sj^f  and 
length  of  test-piece,  /,  and  section,  a,  of  prism  of  similar  •sec- 
tion from  the  work  of  these  investigators  and  his  own  (Z  2^ 
Part  6^  as  follows : 

—  Sm  =  ix  + /3  i/a// 13 

ot  and  /3  being  constants  of  materials. 

163.    Bauschinger    also    deduced    the     following- 
formula  for  comparison  of  prisms  of  dissimilar  sections  (Z  2^ 

Part  6)  and  ratios  of  Va//^  (not  less  than  ^)  not  too  small^ 
from  the  foregoing  tests: 

in  which  «  is  the  perimeter  of  section.     As  an  approximation 

for  A  / ^,   Bauschinger  uses  a  /  —7- .      In  order  to  use 

V  u/4  V  W4 

a  shorter  expression  hereafter  the  first  term  shall  be  written 

y,  and  the  approximation  y\  the  ratio  of  length  Va//^  as  — 

n 

(compare  /^p),  and  the  formula  will  read 


-  s^f = (« +  fi^y. 


The  value  of  y,  dependent  upon  cross-sectional  area,  and  of 
y'  will,  in  cases  possibly  to  be  considered  in  testing  ma- 
terialsy  be: 

for  square  section  y  =  i.ooo;   y'  =  i.ooo 

'*  circular  section  =  1.062  =  1. 128 

**  equilateral  triangle      =  0.937  =  0.877 

'*  rectangle  of  proportion  — ,  when  /  =  i, 
.        _./^=./^^      or     y'=        ^ 
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and  hence  for  the  following  proportions: 


/ 

T 

9 

3 

4 

5 

6 

7 

8 

9 

10 

IX 

12 

y 

1. 000 

0.971 

o.93» 

0.894 

0.863 

0.837 

0.813 

0.793 

0-775 

0.758 

0.744 

0.730 

y 

1. 000 

0'943 

0.866 

0.800 

0-745 

0.700 

0.662 

0.639 

0.600 

0-575 

0553 

0.533 

The  form  of  the  equation 

being  that  of  a  right  line,  and  proves  that  the  curve  pf 
averages  of  a  series  of  results  of  observations  made  on  prisms 
(geometrically  similar)  of  equal  section  but  of  dififerent 
lengths,  cut  from  identical,  entirely  homogeneous  and  fault- 
less material,  will  be  a  right  line,  and  that  each  shape  of 
cross-sectfon  is  represented  by  a  definite  line;  it  will  also  be 
noted  from  Fig.  108  that  all  of  these  lines  must  originate 
from  one  point  M,  provided  that  Bauschinger's  form  of 
formula  is  strictly  correct. 

Values  obtained  from  bars  of  square  section  and  varying 
lengths  would  fall  on  the  line  marked  with  a  small  square; 
those  of  circular  section  on  that  marked  by  a  circle;  and  all 
values  of  prisms  of  rectangular  section  would  fall  in  the  space 

t  I 

bounded  by  the  line  —  =  — .     The  values  of  a  and  /3  for 

square  bar  would  have  to  be  read  ofT  directly,  and  the  posi- 
tion of  M,  according  to  Fig.  108,  would  be  given  by 
m  =  oc//3,  i.e.,  by  the  relation  between  the  two  constants  of 

material.  The  resistance  of  a  cube  (i.e.,  i^a//^=  i)  of  any 
size  would  be  given  directly  by  the  sum  of  a  and  y5,  the 
constants. 

164.  If,  however,  my  remarks  given  in  Section  (161) 
relating  to  the  results  of  tests  collated  in  my  work  **  On  the 
Influence  of  Shape  of  Test-pieces  on  the  Results  of  Crushing- 
tests"  (Z-  ijj)  be  taken  into  consideration,  a  quite  general 
confirmation  of  the  fact  that  crushing-resistance  increases 
with  the  value  i/n  =  Va/l^  will  be  found. 
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From  the  tables  given  in  the  source  I  collate  the  follow- 
ing data,  Table  1 8 : 


Table  18.    Crnshing-tests  of  Prlgms  of  Similar  Sections  and 

Tarying  Length,  and  of  Ratio  — . 

WW' 

Comparison  of   Computed  and  Observed  Values. 


z 

M 

0-35 
0.50 
0.69 
I.oa 
I.oa 
X.41 

!!66 
1.80 
a. 13 
2.19 
3-36 

0.98 
0.98 
I.oa 
1.03 

I  03 
1.03 

Z.04 

3.3Z 

a-34 

2.98 
4.18 
4-32 

o.as 
0,3a 
0.40 
0.47 
0.73 

LIS 

«-54 
a.  36 

3  37 

0.33 
0.38 
0.35 
0.4Z 
0.67 

Z.ZO 

1. 31 
3.04 
a.70 

Section. 

Shy 
Test 
in  at. 

5*  computed. 

Variations. 

Test 
No. 

Shape. 

Bau- 
schinger 
Formula 

5,  at. 

From 
Dia- 
gram 
S^  at. 

5 

si'"' 

S 
—  .100 

Remarks. 

11 

37 
38 
39 
40 
4« 
42 
43 
44 
45 
46 

a 

444 
470 
557 
60a 

587 
677 
676 

659 
890 

"45 
1540 

374 
433 

48a 
588 
588 

7»3 
704 

793 
838 

96a 
1332 

437 
474 
53  a 

604 
604 
736 

764 
799 
877  , 
898  • 
Z187 

119 

III 

"5 

loa 

100 

95 
96 

95 
78 

95 
ziq 
Z16 

loa 

99 
106 
zoo 
97 
93 
97 

83 
zoa 

137 
130 

«05 
106 

lOI 

99 
99 

lOt 

tl 

103 

116 
104 

Rauschinger;     very    fine 
bluish-gray  Swiss  sandstone; 
pressure  parallel  to  bed. 
Bauschinger's  average : 

-  .S"     =  363-4-330—  at. 
Af                        n 

Diagrammatic  average: 
350  -f  349.4  j|-  at. 

5» 
5a 

53 
54 
55 
56 

59 
60 
61 
6a 
63 

0 

705 
710 

685 

680 

680 

690 

670 

910 

1130 

1080 

x88o 

1750 

1950 

648 
648 
663 

66s 
665 

665 

669 

1106 

mo 

"35 
1 68s 

1750 
1800 

670 

670 

68a 

68s 

685 

685 

689 

1090 

noo 

izis 

1620 

z68o 

1730 

108 
109 
104 
loa 
loa 
104 
100 
8a 

I02 

95 
zia 
100 
108 

Bauschingcr;        identical 
sandstone,   pressure    normal 
to  bed. 
Bauschinger's  average: 

Diagrammatic  average: 
360  -h  317  -^  at. 

68 

69 
70 

71 
7» 
73 
74 
75 
76 

0 

381 

380 

395 
418 

440 
446 

463 
6a8 
790 

377 
386 

395 
404 
435 
487 

63a 
755 

385 

395 
403 
434 
484 
530 
637 
747 

zoz 

99 
100 

104 

101 

r, 

99 
105 

zoz 

99 
100 
104 

lOZ 

93 

87 

zoo 

106 

Bauschinger;  fine-grained 
yellow  sandstone.  Heilbronn 
in  Wuertemberg.     Pressure 
parallel  to  bed. 
Bauschinger's  average: 

-^^,=  347  +  ".;  at. 

Diagrammatic  average: 

347+  "9  2  -at. 

11 

81 
83 

P 
84 

«S 

0 

467 
464 
427 
463 
480 

gj 
806 

395 
401 

446 
495 
520 

604 
680 

437 
433 
44« 

478 
528 

«37 
7»4 

"4 
117 

113 
103 
104 

97 

95 

zoo 

zz8 

Z06 
Z08 
X05 

95 
97 
9« 
90 
95 
"3 

Bauschinger;        identical 
sandstone  cylinders,  pressure 
parallel  to  bed. 
Bauschinger's  average: 

-•S'^=  369  + "5^  at. 

Diagrammatic  average: 

400  +  XZ6.4  -at. 
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This  table  also  contains  a  comparison  of  the  values  of 
diflferences  between  the  observed  values  of  —  Sm  and  the 
values  deduced  from  the  formulae  given.  The  formula 
deduced  by  Bauschinger  by  the  method  of  least  squares 
does  not  always  agree  with  those  deduced  by  myself  under 
conditions  stated  in  the  source  (Z  ijj)  from  the  diagrammatic 
averages,  but  the  discrepancies  are  not  excessive,  and  I 
believe  I  may  claim  for  the  diagrammatic  deductions  the 
advantages  of  better  illustration  and  unfettered  consideration 
of  the  importance  of  individual  values,  at  least  as  long  as  it 
is  a  question  of  practical  utilization  of  results. 

165.  Verification  of  the  type  of  formula  given  in  {i6j) 
for  the  reduction  of  results  obtained  from  prisms  of  variable 
shape  to  the  prism  of  square  section  has  not  been  obtained 
invariably.  The  tests  must  be  greatly  multiplied  for  this 
purpose;  perhaps  shape  alone  is  not  the  only  determinant, 
but  the  peculiarity  of  the  material  may  also  exert  its  influ- 
ence. 

a.  My  individual  tests  (L  ijj)*  made  for  the  purpose  of 
confirming  Bauschinger's  formula  for  value  of  y,  on 
cast-iron  prisms  of  different  sections  and  length  ratios,  caused 
me  to  enunciate  the  following  relations.  An  attempt  to  use 
the  method  of  diagrammatic  averages  to  determine  values  of 
^  as  shown  in  Fig.  io8  gave,  when  using  Bauschinger's 
results  of  tests  for  prisms  of  rectangular  and  circular  section 
cut  from  a  slab  of  fine-grained  yellow  sandstone  (tests  68-85, 
Table  3  and  Fig.  7^,  L  2,  part  6) 

for  the  square  5^  =  353  +  mi     L«  =  f  -  3.18^ 

for  the  circle     Sq  =  392  -[-  122.3J  ) 

and  correspondingly  for  the  proportion: 

Sq  302        122.3 

7^  =  r  =  ^  = ^=1.11, 

^D  353  III 

hence  very  nearly  the  approximation  given  by  Bauschin- 
ger x'  =  1. 13. 
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When  taking  the  values  for  cubes  and  cylinders  of  ratio 

—  =  I ,  in  the  case  of  my  own  tests  of  hard  lead : 
n 

m 

So       830 
^       So       773  ^ 

and  by  substituting  the  values  obtained  from  the  diagram  of 

averages  i^Sj^f  =  663  +  130.4-j  : 

So  830 

5o      663  +  130  ^ 

6.  My  tests  of  cast  iron  {L  ijj)  gave  the  following 
formulae: 

5a  =  4190  +  i437-»     and 

So  =  4320+  1417-. 

These  two  equations  can  in  no  case  give  the  B  a  u  s  c  h  - 
inger  results;  when  the  results  obtained  from  prisms  of 
rectangular  section  are  also  taken  into  account,  the  conclusion 
will  even  be  reached  that  equations  obtained  from  my  tests 
must  take  a  different  form  in  order  that  they  agree,  even 
approximately  with  the  results  found.  The  diagrammatic 
averages  (Figs,  ii  and  12  of  the  source)  show  the  curves 
representing  individual  groups  of  results  of  tests  obtained 
from  rectangular  prism  of  varying  sectional  ratio  t/w  between 
I  and  12  to  be  almost  parallel.  The  several  series  of  tests 
gave  the  following  approximations : 

w/t  =1  S  =  4190  +  1437- 

w/t  =1  5  =  4250  +  1557^ 

w/t  =  I. IS        5  =  4570  +  1403- 
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w/t  =  2.00  5  =  4280  +   1467- 

w/t  =  4.00  5  =  3900  +  1533- 

w/f  =  8.00    Results  of  tests  show  great  discrepancies. 

ze///  =  12.00       5  =  3460  +  1417-. 

If  the  values  of  a  and  /3  be  plotted  according  to  increasing 
values  of  w/t  as  in  Fig.  109,  the  systematic  changes  of  lines 
a  and  A  but  especially  of  «,  will  be  readily  recognized.  The 
value  of  /3  may  perhaps  be  considered  to  be  independent 
of  w/t.  The  mean  value  of  /3  as  deduced  from  the  foregoing 
series  is 

fi  =  1469. 

When  it  is  investigated  how  the  value  of  a  as  obtained 
from  B  a  u  s  c  h  i  n  g  e  r's  value  of  y  would  be  modified  by 
increasing  values  of  «'//,  it  is  possible,  by  use  of  values  of  y 
in  Sections  163  and  the  approximate  value  oi  a  z=  4400  at. 
for  the  square  section,  to  plot  the  dotted  line  in  Fig.  109  for 
values  of  «  from  calculation,  which  agree  very  well  with  the 
values  obtained  by  diagrammatic  averages.  Hence,  as  a 
rough  approximation,  for  the  cast  iron  tested  (ordinary 
machinery  castings)  (when  t  =  i)  we  may  assume: 

S^,  =  ay  +  ^L     and     =  4400^^!^  ^       6  i^ 

V  i(^+  i)    •      ^  ^n 

c.  I  have  made  several  series  of  tests  of  tubular-shaped 
bodies,  in  one  of  which  the  external  diameter  d  remained  the 
same,  while  length  /  and  internal  diameter  di  varied;  in  the 
second  series  both  diameters  increased  in  such  manner  that 
cross-sectional  area  of  metal  a  on  the  length  /  remained  con- 
stant (Z  7J5,  tests  193-231). 
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Using  the  results  in  these  cases  as  was  done  in  those 
above  described,  diagrammatic  averages  will  give  the  follow- 
ing values  for  the  first  series: 

for  d^  =  0.00  in.  S^  =  4160  +  1382- 

fi 

<«  d^  =  0.21  in.  (0.5s  cm)         Sm  =  4130  +  1204- 

ti 


a 


d^  =  0.43  in.  (i.i  cm)  S^  =  4120  +  1040- 


n 


'«  d,  =  0.66  in.  (1.69  cm)         Sm  =  4520  +    662- 

n 

««  d^  =  0.88  in.  (2.26  cm)        S^  =  4220  +     6ooi. 

n' 

It  is  evident  that  a  remains  constant  in  this  case,  and 
that  /S  is  variable  (only  the  next  to  last  series  is  somewhat 
discrepant).  If  the  average  is  found  for  /S  as  in  Fig.  109,  we 
shall  obtain  (Fig.  14  in  the  source)  the  equation: 

.      I  .  /^  —  ^1  .        «    I A  /^  —  d, 

5.  =  «+/-V-^=  4230+ 1380^1/-^--'' 


in  which  4230  is  the  average  of  the  above  comparison. 

From  the  series,  obtained  from  tubular  pieces  of  identical 
a  and  /,  but  varying  d  and  d^,  I  obtained  the  equation : 


I       Id—  d 
S^  =  4400  +  1400- Y      ^    '. 

Comparing  the  equations  for  circular  and  annular  sections 
we  shall  have 

for  the  circle      Sm  =  4320  +  14 17- 

ft 
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tor  the  annulus  6,^  =  4230  +  1380-A  / ; — ^ 

71  y       a 


and  also  S^  =  4400  +  1400-^  / z — ^, 

ny       a 

and  the  mean  values  from  these  will  be: 

a  =  4317     and     /?  =  1399. 

Therefore,  according  to  my  tests  of  cast  iron  (as  a  rough 
approximation)  of  square  section : 

Sm  —  oty  +  fi-  =  4400. 1  +  1469-, 

n  n 

and  for  the  cylinder: 

Sm=  «+/^-r  =  4317+  .I399--I' 

for  the  length  ratio  —  =  i : 

Smo  ^4317+  1399^  S7i6_^ 
5va       4400+1469      5869         •974, 

while  from  the  three  values  which  are  directly  comparable 
we  find: 

—  =  0.20,        1. 00  and  2.00, 
n 

-^T-^  =  0.945,      1.23  and  0.954. 

This  shows  that  comparison  of  cylindrical  and  square  sec- 
tions of  cast  iron  according  to  B  a  u  s  c  h  i  n  g  e  r's  coefficients 
is  not  yet  possible.  It  certainly  requires  additional  series 
of  tests  to  explain  existing  contradictions,  which  must  also 
include  other  materials. 

166.  According  to  the  law  of  similarity,  bodies  geo- 
metrically  similar    must   suffer    similar   deformations,   i.e., 
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similar  crushing  —  e^  during  the  crushingjlest,  under  like 
stress.  Kick  (Z  loo,  p.  43)  has  communicated  several 
observations  of  this  fact,  which  are  reproduced  in  Table  19. 

Table  19.    Crnghing  of  Geometrieally  Similar  Bodies  nnder  Equal 

Crasliiiig-stress. 

K  i  c  k  ^  8  result!  of  tests  have  been  reduced  io  —  S  and  —  /j. 

«.  Cylinder  of  plastic  porcelain-clay,  d  =  2  in.  (5.1  cm)  and  x.36  in.  (3.5  cm);   and  /  ss  a.57  in. 

(6.6  cm)  and  1.73  in.  (4.4  cm). 


Crushing-stress 
—  5'  at.  = 

0.0 

o.x 

o.a 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

x.o 

Sborteninjp. 
—  «i,  ^  =  a  in. 
d  =  1.36  in. 

0.000 
0.000 

0.050 
0.054 

0.119 
0.125 

o.ao3 
0.213 

o.a97 
0.310 

0.396 
0.409 

0.474 
0-473 

0.535 
0.516 

0.563 
0.548 

0.59a 
0.574 

0.614 
0.598 

3.  Cylinder  of  copper  </  =  0.7  (1.8  cm) ;  0.58  (1.5  cm);  0.39  (i  cm);  /  =  0.7;  0.58;  0.39. 


-  5'at.  «= 


Shorteninfi^. 
—  ^i,  1/  =  0.70  in. 

d  =  0.58  in. 
d  =  0.39  in. 


0.000 


1000 


0.027 


aooo 


0.069 


3000 


0.13a 


4000 


o.ao8 


5000. 


0.384 


6000 


0.358 


7000 


o.4ao 


le  diagram  is  almost  identical  with  that  |of  the  preTious.* 

_r__|_|_   _   »   _  o.^6o|  ~  ' 


7870 


0-457 


8000 


0.46a 


*  The  individual  values  are  not  given  in  the  original  report. 

It  is  certainly  desirable  to  increase  the  number  of  corrobo- 
rative tests  here  given. 

The  following  problem  is  submitted  to  my  students  for 
practical  solution. 

Problem:  The  effect  of  shape  on  results  of  crushing- 
tests  is  to  be  determined  using  lowsteel  (Flusselsen)  test- 
pieces  of  circular  and  square  sections. 

Three  series  of  test-pieces  having  proportions  given 
below  were  available : 

—  z=  Va//  =  0.2;  0.4;   0.8;    i.o;    1.33;   and     2.00. 
n 

Series  a  had  square  section ;  b  and  c  were  circular.  Sec- 
tional areas  of  a  and  b  were  almost  identical,  a  =  1.04  sq.  in. 
(6.71  sq.  cm)  to  1.05  (6.76  sq.  cm);  and  in  series  c,  a  varied 
from  1. 317  sq.  in.  (8.50  sq.  cm)  to  1.325  sq.  in.  (8.55  sq. 
cm).     So  as  not  to  make  the  matter  more  difficult  for  the 
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always  more  or  less  inexperienced  investigators,  the  100- 
ton  Pohlmeyer  machine  was  used,  and  observations  of 
crushing  were  directed  to  be  made  not  directly  on  the  test- 
piece,  but  on  the  pressure-platens.  The  elastic  distortions  of 
cross-heads  and  straining-screws  under  the  loads  apph'ed,  as 
well  as  the  amount  of  crushing  of  the  platens,  affected  the  re- 
sults, but  the  influence  of  these  errors  was  according  to  known 
laws,  which  can  be  easily  calculated,  for  which  corrections 
could  have  been  applied  when  comparing  results.  Below  I 
give  the  final  results  without  consideration  of  the  stated 
sources  of  errors. 

As  will  be  seen  from  Table  20,  the  amounts  of  crushing 
—  ei>    under  equal    stress  —  5  are  almost  equal   in   case   of 

Table  20.    Inflnence  of  Shape  of  Test-piece  on  Cmshingr  —  e^  in  Crush ingr-tests. 


Series. 

a 
U 

b 
0 

e 

a 

D 

0 

c 

0 

a 

6 
0 

c 

D 

6 

c 
0 

a 

0 

c 

a 

D 

b 

c 

Section  d  or 

0 

n 

0 

0 

D 

0 

0 

0 

w  in  cm, 
«  in  sq.  cm, 

/in  r*fTi 

9.59 

«.93 

3.«9 
8.50 

9.59 

»-93 

3 .30 

a. 59 

2.93 

3'30 

a. 60 

a. 93 

3.30 

a. 60 

2.93 

3-30 

a. 60 

2.93 

3  29 

6.71 

6.74 

6.71 

6.74 

8.55 

6.7X 

6.74 

8.55 

6.76 

6.74 

8.55 

6.76 

6.74 

8.55 

6.76 

6.74 

8.50 

1.30 

1.30 

«.47 

X.95 

t.96 

a. 30 

9.59 

a. 58 

2.93 

3-25 

324 

3-64 

6.50 

6.49 

7.3a 

X3.0 

130 

M-7 

n 

a.o 

0 

«-33 

x.oo 

0.80 

0.40 

o.ao 

y=^Va/u/A 

1 

X.06 

x.06 

X 

1.06 

1.06 

X 

1.06 

x.06 

X 

x.06 

x.06 

X 

1.06 

x.06 

X 

1.06  1.06 

—  5"  in  at. 

-'<■ 

[o-» 

-'J<« 

)-• 

— 

'J<« 

>-• 

—  rrf  xo- 

I 

-^jfXC 

)-» 

-^jfIO-» 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

xooo 

»3 

X9 

XX 

«5 

»3 

8 

xo 

9 

XX 

7 

7 

7 

4 

3 

3 

4 

3 

a 

9000 

3a 

30 

97 

i? 

99 

99 

as 

ax 

19 

x8 

x8 

18 

10 

7 

5 

8 

4 

6 

3000 

57 

54 

56 

?* 

42 

57 

48 

47 

5* 

46 

46 

47 

n 

26 

18 

27 

34 

4000 

99 

8ft 

89 

X05 

87 

74 

93 

79 

8a 

89 

87 

87 

87 

50 

5000 

X57 

;it 

X40 

156 

xa8 

»I3 

»44 

xaa 

"I 

MI 

xax 

xax 

6000 

aaj 

x8o 

9XO 

180 

164 

ao4 

174 

178 

aoa 

X76 

178 

7000 

983 
32^ 

"35 

946 

969 

"1^ 

917 

964 

2a7 

235 

a6i 

235 

237 

8000 

989 

999 

391 

989 

273 

324 

285 

390 

321 

294 

297 

9000 

383 

338 

350 

370 

342 

324 

377 

335 

345 

37<> 

345 

35a 

10000 

425 

383 

395 

4" 

39« 

37X 

4aa 

382 

390 

4aa 

397 

399 

• 

1 1000 

46s 

4«9 

f^, 

450 

433 

413 

460 

428 

433 

467 

^2 

448 

I3000 

499 

486 

47» 

450 

497 

457 

467 

504 

478 

— 

13000 

533 

— 

— 

5»8 

507 

— 

5a8 

490 

— 

536 

Saa 

— 

Z4OOO 

563 

— 

— 

547 

532 

— 

557 

529 

■^ 

56a 

54  « 

^— 

15000 

583 

— 

^ 

573 

i 

— 

5«o 

54a 

— 

582 
ax50 

565 

3300 

238c 

— 

— ^jrinat.  = 

— 

ax6o 

2340 

(269o)» 

ai9o 

9320 

9930 

a3XO 

—  *|r.XO  -■  = 

— 

— 

^^ 

— 

o.oa7 

o.oa4 

— 

(0.040)* 

— 

o.oia 

— 

0  OIX 

— 

0.005 

— 

*  Uncertain  ;  probably  already  exceeded. 

geometrically  similar  prisms  {b  and  c).     They  are  smaller  in 
case  of   circular  sections    than  in  square   sections  of  equal 

length-ratio  — .     When  the  test-pieces  did  not  depart  greatly 
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from    the    length-ratio   -  =  i,  the  crushing  —  ^  was  but 

sh'ghtly  affected.  If  the  diagrammatic  averages  of  values  of 
the  three  series  of  results  be  obtained  (by  plotting  them  one 
upon  the  other  and  then  drawing  the  average  curve  by  eye- 
sight) a,  b  and  c.  Fig.  1 10,  it  will  be  found  that  lines  b  and 
c  coincide,  and  that  ^  is  similar.  In  Fig.  1 10  the  proportions 
of  —  ^,^0  ^'^d  ""  ^^Q  ^0^  equal  stress  are  also  plotted;  it  will 

—  ^o 
be  found  that  ^     .     between  values  0.82  and  0.97  increases 

with  stress  -—  5.  Hence  the  ratio  of  stress  for  equal  defor- 
mations would  be  approximately: 

—  5o  I  I 

^= — 5-    to  =  1.22  to   1.03, 

—  »Sq      0.82         0.97  ^' 

which  would  agree  approximately  with  the  values  of  y  given 
by  Bauschinger. 

11.  Oii  the  Shapes  ot  Test-pieces  to  be  used  in  the 

Grushiug^-test. 

167.  Crushing-tests  are  usually  made  on  cubical  or 
cylindrical  test-pieces;  the  latter  usually  have  a  length 
/=:  diameter^.  The  previous  discussion  will,  however,  show 
that  a  much  better  insight  into  the  properties  of  materials 
would  be  obtained  if  such  shapes  of  test-pieces  were  selected 
which  will  permit  the  determination  of  the 
material-constants  a  and  ft  from  the  results 
of  tests.  For  this  purpose  it  would  suffice  to  use  a  series 
of  five  test-pieces  of  length-ratio 

—  =  0.25,  0.5,  i.o,  2.5,  and  5;  i.e., 

71 

lz=,     ^^       2,      I,     0.4,  and  0.2  V<7. 

In  order  to  obtain  a  reliable  average,  it  will  in  any  event 
be  necessary  to  make  a  number  of  tests  (5  of  metals  and  10 
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of  stone  and  cements).  Hence  it  is  just  as  convenient  to  use 
above  ratios  instead  of  making  ail  pieces  of  the  same  dimen- 
sions. If  possible  it  would  be  well  to  test  square  as  well  as 
cylindrical  sections;  the  square  sections  deserve  the  prefer- 
ence as  the  standard,  even  though  their  preparation  would 
be  slightly  more  troublesome  than  that  of  cylinders. 

The  dimensions  of  sections  to  be  used  must  depend  upon 
the  capacity  of  testing-machine  available  and  the  peculiarities 
of  the  material  to  be  tested.  In  case  of  metals,  length  of  side 
is  generally  from  0.8  in.  (2  cm)  to  1.2  in.  (3  cm);  in  bond 
materials  2.8  in.  (7  cm)  or  about  7!  sq.  in.  (50  sq.  cm)  section 
of  pressure-surface;  for  stone  smaller  cubes  are  used,  depend- 
ing upon  their  relative  crushing-strength,  usually  about  2  in. 
sq.  (5  cm);  and  brick  is  usually  tested  flat  as  a  whole,  or 
sawed  into  halves  and  superposed  with  a  joint  of  Portland 
cement,  producing  an  approximate  cube  applying  pressure 
on  top.  The  latter  method  has  lately  been  introduced  almost 
universally  in  the  German  official  testing  laboratories,  on  the 
recommendation  of  the  "Conferences  for  Unifi- 
cation of  Methods  of  Testing.**  Concrete  should 
never  be  tested  in  blocks  less  than  8  in.  cube,  and  even  larger 
blocks  should  be  used  if  the  capacity  of  testing-machines 
make  it  possible.  The  Charlottenburg  Labora- 
tory uses  cubes  of  16  to  20  in.  (40-50  cm)  whenever  possi- 
ble. Bach  uses  {L  ij6)  cylinders  of  10  in.  diam.  (25  cm) 
and  10  or  40  in.  (25  or  100  cm)  length  for  the  determination 
of  the  elastic  properties  of  concrete. 

a.  As  previously  stated  in  {104)  the  character  of  pressure- 
surfaces  plays  an  important  part  in  crushing-tests.  These 
surfaces  must  be  finished  plane  or  nicely  surfaced.  For  this 
reason  it  is  customary  to  cover  the  surfaces  of  stone  having 
rough  porous  surfaces  or  uneven  sides,  and  the  properties 
of  which  would  be  changed  by  planing  or  grinding,  with  a 
coating  of  cement  or  mortar,  thus  producing  a  plane  pressure- 
surface.  This  is  done  especially  when  testing  brick.  To  do 
this  (according  to  Bauschinger's  proposition)  the  cubes 
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formed  by  cementing  together  the  sawed  half-bricks,  are 
placed  on  a  table  between  two  boards  (see  Fig.  iii),  whose 
upper  edges  are  parallel  to  the  surface  of  the  table.  The 
boards  are  so  clamped  to  the  blocks  that  they  project  above 
them  slightly.  The  Portland-cement  paste,  which  is  then 
poured  on  top  of  the  blocks,  is  scraped  off  by  a  straight-edge 
immediately  set  commences,  flush  with  the  edges  of  the 
boards,  thus  forming  a  layer  of  cement  from  o  2  to  0.4  in. 
(.5  to  i.o  cm)  thick,  with  a  plane  upper  surface.  After  com- 
plete setting  the  layer  of  cement  is  sawed  through  in  the 
joints,  and  the  opposite  sides  are  then  prepared  in  the  same 
manner.     Then  both  surfaces  are  ground  plane. 

b.  When  using  this  method  it  must,  however,  not  be 
forgotten  that  the  production  and  use  of  such  cubes  by  no 
means  insures  the  attainment  pf  uniformity  of  crushing-resist- 
ance, as  would  be  found  with  a  homogeneous  cube  of  brick 
material.  Bodies  geometrically  similar  and  of  the  same 
material  by  no  means  show  the  same  crushing-resistance  if  in 
one  case  they  are  monolithic  and  in  others  composite. 

Vicat,  Bauschinger,  and  others  {L  ijs)  investi- 
gated this  case.  Vicat  found  in  case  of  cubes  of  gypsum 
built  up  as  shown  in  Figs.  112,  113  and  114,  that  the  crush- 
ing-strength compared  to  that  of  a  monolith  was  as  follows: 

Cube  of  1248     pieces 

Ratio  of       Sm   I     0.94     0.89     0.88 

Whether  these  differences  disappear  in  case  the  separate 
blocks  be  united  by  bond  materials  so  as  to  form  monolithic 
blocks  can  only  be  determined  by  actual  tests. 

Bauschinger  refers  to  such  tests  {L  2,  Part  10,  p.  7  et  seq). 
He  says  that  he  occasionally  found  greater  crushing-resistance 
of  two  half-bricks  cemented  together*  than  of  whole  bricks 
with  surfaces  smoothed  by  cement  and  tested  with  layers  of 


*  According  to  (/6^),  —  Sm  should  actually  decrease  with  decreasing  — . 
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felt  placed  between  the  brick  and  the  pressure- platens. 
**  This  result,  which  on  first  sight  appears  remarkable,'*  says 
Bauschinger,  **  may  perhaps  be  explained  by  the  use 
of  felt  intercalations  in  my  earlier  tests,  and  perhaps  also  by 
the  different  character  of  the  mortar-bonds  '*  (neat  cement  in 
case  of  cubical  blocks,  and  mortar  of  i  cement,  3  sand  in  his 
earlier  tests).  Further  study  of  this  question  would  no  doubt 
be  of  great  value.     (Compare  ijo.) 

b.  Bending-resistance.* 

1.  Defiuitious. 

168.  Transverse  tests  are  used  only  to  a  limited  extent 
in  the  real  art  of  testing  materials,  and  in  these  cases  the 
attempt  is  made  to  simplify  the  procedure  as  much  as  possi- 
ble.  It  will  therefore  suffice  to  discuss  the  conditions  for 
these  simple  cases,  and  to  consider  the  phenomena  occurring 
during  the  tests.  Books  on  the  Resistance  of  Materials,  such 
as  that  of  Bach  {L  /J7),  which  I  shalffollow  closely,  moreover 
discuss  the  theory  of  bending  and  the  difficult  cases  most 
fully. 

Let  a  prismatic  body  (Fig.  115)  of  length  /  be  fixed  at 
one  end.  A,  and  loaded  at  the  centre  of  gravity  of  its  section 
at  the  other  end,  B,  by  a  force  P  which  lies  in  the  plane  of 
one  of  the  principal  axes  of  the  section  and  the  centre-line  of 
the  bar.     The  force  -P  produces  a  moment 

M=P{/-x) 

in  the  section  i  at  a  distance  x  from  the  point  Ay  and  also  a 
force  Py  which  for  the  present  shall  be  neglected  in  the  fol- 

•  Throughout  the  book  I  shall  use  the  words  "  bending"  and  '*  deflec- 
tion "  when  speaking  of  **  bending"  or  *'  transverse"  tests,  while  the  term 
•'  flexure"  shall  invariably  refer  to  the  *'  thrust-test."  Bending  or  deflec- 
tion relates  to  deformation  in  one  plane  or  direction,  and  then  generally 
in  a  continuous  manner  produced  by  an  external  force  applied  in  the  plane 
of  deflection  produced. 

*•  Flexure,"  on  the  other  hand,  is  produced  by  a  secondary  resultant  of  a 
force  applied  at  right  angles  to  the  plane  of  deflection. — Gus.  C.  Henning. 
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lowing  discussion,  so  that  the  acting  external  forces  for  sec- 
tion I  may  be  replaced  by  a  force  couple. 

The    force   P  of    the    couple    tends  to    dis- 
tort the  body;    the  body  bends. 

169.  Under  the  assumption  that  the  planes  of  section  of 
the  body,  originally  considered  vertical  to  the  axis  ABy 
remain  plane  and  vertical  to  the  axis  even  after  bending,  two 
adjoining  sections  i  and  2,  separated  by  the  distance  dx  (Figs. 
116  and  117),  can  no  longer  be  parallel  after  bending.  Sup- 
posing the  body  to  be  composed  of  individual  layers  PP 
parallel  to  the  axis,  one  of  these  layers,  say  00^  may  retain 
its  original  length  dx  during  bending,  while  the  higher  layers, 
say  PPy  suffer  extension  and  the  lower  must  undergo  crush- 
ing, as  the  sections  must  remain  planes  even  after  bending. 
The  distance  of  the  projection  of  the  traces  of  two  planes  i 
and  2  from  the  layer  00  =  r.  Fig.  117,  is  the  radius  of 
curvature  of  the  axis  of  the  bar.  The  extension  of  the  layer 
of  fibres  PP  may  be  stated : 


P,P:  ~  P.P^^P.P:  _  ^  P,P:  _r+v 

^'""  P,P,  0,0,        ^'        ''''        0,0,"      r     ' 


when  y?  is  the  distance  of  layer  PP  from  layer  00. 

Hence  e.  = i  =  — 

on  the  convex  side  of  the  bar,  and 

V 

on  the  concave  side. 

Under  the  supposition  that  the  fibres  exert  no  influence 
on  each  other,  or  that  secondary  forces  are  excluded,  we  can 
determine  the  stress  due  to  deformations  of  fibres,  from  previous 
considerations  (j^), 

3  =  -^,     and  as  e,  =  --, 
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we  obtain 

>s^  =  7.r 14 

170.  The  internal  forces,  the  stress  5, 
must  be  equal  to  zero,  and  in  equilibrium 
with  the  external  forces,  moment  M.  Hence 
the  sum  of  stresses  must  =  o  and  their  moment  =  M. 

When  the  strip  PP'xw  Fig.  118,  of  width  z  and  thickness 
dri^  or  da  =  zdr}^  the  first  condition  to  be  fulfilled  to  make  the 
sum  of  stress  =  o  is  expressed  by  fSda  =  o  when  integra- 
tion includes  the  entire  section. 

As  6*  is  a  constant  for  each  section  and  as 

I     tf 
5=  — .  -  (Eq.  14),  we  shall  have: 


/ 


—Tjda  =  o. 


When  the  factors  of  extension  €f  of  the  material  for  ten- 
sion and  crushing  are  equal,  we  shall  have  within  the  propor- 
tional limit 


/  rfda  =   o. 


15 


which  signifies  that  the  layer  of.  fibres  in  which 
the  stress  and  extensions  are  =0  passes 
through  the  centre  of  gravity  of  the  sec- 
tion; this  layer  is  also  called  the  neutral  plane;  it 
is  normal  to  the  plane  of  application  of  the  moment  M,  As 
this  plane,  according  to  supposition  {168),  contains  one  major 
axis  of  the  section,  the  neutral  plane  must  contain  the  other. 
The  second  condition  of  equilibrium  is  that  the  moments 
of  internal  and  external  forces  be  equal,  or 


/ 


Sdatf  =  My 
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and  when  5  =  —  .  -  is  substituted,  supposing  ef  to  be  equal 
for  tension  and  crushing,  we  shall  have : 


M 


=  'kj'f^^^ 


and  when  fifda^  the  moment   of   inertia   of   section 
referred  to  the  neutral  axis  00^  or 


/ 


rfda  =  /,  we  shall  have : 


-/w  =  — 7.     or    7;  =  ^-^r  ...     10 

€fS  S  I 


From  equations  14  and  16: 


o  =  —  .  —     and     —  =  €f^r     and 
Cf   r  r        '  I 

S^-jV 17 


Stress  5  is  proportional  to  the  distance 
17  of  the  fibres  from  the  neutral  axis;  they 
are  greatest  in  the  extreme  or  outer  layers  of  the  section  at 
distance  »;  =  ^,  or  bd^  Fig.  1 19. 

Correspondingly : 


M 
Maximum  tension-stress  -j-  .5  =  -7-^, 

M 
*'  crushing- stress  —  5  =  —  -j-bd 


y   .    18 


171.' With   the   same    approximation    with   which    the 
reciprocal  of  the  radius  of  curvature  may  be  represented  by 
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I  </'y 

the  second  differential  of  y  referred  to  dct  :  -  =  ±  -^4,  we 

'     r  ax 

may  also,  according  to  equation  i6,  place: 

M=±^,.     or 

^('  -  ^>  =  ^r^- 

This  shows  that,  under  the  previous  assumption  that  Cf 
for  tension  is  equal  to  that  for  crushing,  and  hence  that  the 
section  of  bar  will  remain  uniform  over  the  total  length  /, 
and  also  that  /is  a  constant,  by  integration  we  have: 


^■i=4''-T")+^- 


e/  dx 

As  the  curved  axis  of  bar,  i.e.,  the  elastic  line,  is  tangent 
to  the  bar  axis,  initially  straight  (Fig.  120)  at  the  fixed  point 
(an  assumption  which  is,  however,  only  exceptionally  accu- 
rate), we  have: 

dy 
for  ;r  =  o ;     -r-  -=.  o     and  also     C  =  o,     and  hence 

'^y    -'fri,         % ^ 


dx       I    \        2i 


From  this  equation  the  angle  fi  between  the  tangent  to  the 
elastic  curve  and  the  original  axis  of  bar  can  be  calculated 
for  every  point  of  the  elastic  curve  (Fig.  120). 

For  the  free  end  B  of  the  bar,  as  ;r  =  /,  we  shall  have 
from  Eq.  a\ 

tang/?  =  j^z(/-0/=^Z/*; 
and  as  ft  is  always  a  very  small  angle,  we  may  say : 
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From  Eq.  a  we  shall  have 

^  =  o     for     X  ^  o. 
By  integrating,  the  equation  of  the  elastic  curve  will  be: 


. = 7'-:('  -  '-> 


or 
Deflection  ^  at  the  end  B  for  x  =  /  will  be: 


' = fji'  -  jy. 


or 


o  =  -J— I 19 

172.   For  bending- tests  the  bars   are  almost  invariably 

supported  at  both  ends,  and  loaded  at  the  centre  by  a  load  L. 

In  this  case  the  bar  may  be  considered  as  fixed  at  the  centre 

L 
and  loaded  at  the  end  by  a  force  —  in  the  opposite  direction. 

Fig.  121. 

Hence  we  may  write: 

..      L    I       LI        ^ 

-^  =  -.  —  =  — ,  and  according  to  Eq.  18 
224  &  ^ 

.    „       Ll.b 
±  -^  =  -^ 20 

Under  the  same  assumptions,  the  deflection  ^  at  centre  of 
bar  will  be  found  by  substituting  in  Eq.  19  for  /=  — ,  and 


-=f 


6  =  'M  LlL 

/     2     3  2' 

48  •   /  ' 


or 


21 
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a.  Although  these  formulae  for  deflection  are  valid  only 
for  the  condition  of  materials  within  the  proportional  limit, 
during  which  Cf  is  constant,  they  are  nevertheless,  for  sim- 
plicity's sake,  frequently  used  in  testing  material  as  though 
they  were,  applicable  to  rupture,  or  at  least  up  to  excessive 
flexure. 

Moreover,  the  deduction  of  these  formulae  is  based  upon 
a  number  of  assumptions,  whose  correctness  was  presumed 
without  question.  It  will  be  necessary  to  establish  how  far 
these  assumptions  are  correct,  and  to  which  degree  their  in- 
correctness affects  the  accuracy  of  the  bending-tests.  In  this 
J  follow   Bach  (Z  /J7,  §  20). 

b.  The  first  assumption  was  that  the  external 
forces  acting  on  the  body  produced  but  a  single 
couple  for  each  cross-section,  whose  plane  in- 
tersects the  latter  normally  to  one  of  its  two  principal  axes. 
The  second  assumption  was  that  the  fibres  composing 
the  bar  do  not  coact  up  on  each  other.  Thirdly, 
the  cross-sections  originally  plane  and  nor- 
ma 1  t  o  the  axis  of  bar  were  to  remain  plane 
and  normal  to  ba  r-a  xis  after  bending. 
Fourthly,  the  factor  of  extension  e/  was  to  re- 
main equal  for  tension  and  crushing  and 
constant    up    to    the    proportional    limit. 

The  degree  of  admissibility  of  these  assumptions  may  be 
most  readily  determined  by  imagining,  as  was  done  by  Bach 
{L  /J7,  §  20),  that  the  body  be  so  constructed  as  to  actually 
fulfil  the  assumptions.  Thus  Bach  supposed  the  body  to 
be  composed  entirely  of  long  spiral  springs,  all  independent 
of  each  other,  and  rigidly  connected  to  the  end  surfaces  i 
and  2,  Fig.  122.  The  couple  P  acts  at  2  in  the  plane  of 
symmetry  (the  plane  of  one  principal  axis,  see  Sect.  168), 
having  a  moment  M  =>  P .  a.  The  plane  2  revolves  about 
axis  EE.  The  springs  to  the  left  are  distended,  those  to  the 
right  shortened;  the  latter  must  not  be  able  to  deflect 
laterally.     Extension  and  shortening  e  should  be  proportional 
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to  the  distance  7  from  the  axis  EE.     Hence  we  shall  have, 
if  Ig  be  the  original  length  of  spring: 


If  extension  at  distance  i  =^/,  then: 

e^  =  e^t}  \     and  stress     5  =  —  77, 

and  this  corresponds,  when  the  cross-section  of  the  layer  of 
fibres  =  a,,  to  a  force: 

In  order  to  establish  equilibrium,  the  sum  of  the  internal 
forces  must  equal  o,  or 


^Sa^  =  -2—  .  V  •  ^.  =  o. 


And  the  sum  of  their  moments  must  be  equal  to  moment  of 
the  applied  force: 

M=zP.ef,     or 
e' 

As  Cf  may  be  considered  equal  for  tension  and  crushing, 
the  first  equation  (cC)  will  give: 

'^a^V  =  o, 

i.e.,  the  axis  of  o,  EE^  passes  through  the  centre  of  gravity 
of  all  fibre-sections  and  is  the  second  principal  axis  of  the 
cross-section  of  bar.     As 

we  shall  have  from  Eq.  ^,  under  the  same  supposition  as  to  ^^: 

ef  I 
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If  e^  and  €d  be  the  values  of  7  for  the  extreme  fibres,  the 
stress  to  which  they  are  subject  will  be: 

€  € 

+  5  =  — ^  .  *,     or     —  5  = '-  biy    and  hence : 

ef        "^  b^       ^''     if  bi 

The  couple  PP  does  not  produce  deflection  of  the  bar, 
which  remains  straight.  The  cross-sectional  plane  ceases  to 
remain  normal  to  the  axis  of  bar.  All  cross-sections,  more- 
over, intersect  in  the  line  whose  projection  M^  Fig.  123,  is 
at  a  distance  r  from  the  neutral  layer  EE,  Hence  r  is  no 
longer  the  radius  of  curvature,  M  no  longer  the  center  of 
bending,  because,  as  the  bar  remains  straight,  the  radius  of 
curvature  is  00  . 

The  relations  (given  in  Sect.  169): 

derived  for  the  curved  bar  under  the  supposition  that  cross- 
sections  remain  normal  to  the  axis,  also  apply  when  the 
axis  remains  straight  and  this  assumption  is  not  met. 

As  r  in  that  case  is  no  longer  the  radius  of  curvature, 

d^V  I 

+  -y-i  cannot  be  substituted  for  — . 
'   ax  r 

c.  The  first  supposition,  that  but  one  couple  rep- 
resents the  force  applied,  is  as  a  rule  incorrect ;  the  generation 
of  the  bending-moment  almost  invariably  requires  secondary 
forces.  A  distortion  is  generally  present,  whose  influence 
is,  however,  unimportant  in  many  cases.  Local  stress  of  ma- 
terial due  to  bearings  and  influence  of  loading-devices  is  almost 
always  present  {L  120)  and  may  produce  effects  similar  to 
those  of  grips  and  holders  in  tension  and  crushing  tests.  Dur- 
ing great  deflection  the  friction  between  bearing  and  test-piece 
exerts  a  material  influence,  especially  when  heavy  loads  are 
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applied.  Under  these  circumstances  the  unavoidable  variation 
of  length  between  bearings  also  has  an  effect  on  the  result  of 
the  bending-test. 

d.  The  second  assumption,  that  the  fibres 
exert  no  influence  on  each  other,  is  by  no  means 
met  by  the  bar  which  acts  as  a  unit,  because  there  is  always  a 
change  of  cross-section  during  change  of  length  of  fibres,  as 
shown  in  Sections  43  and  $9!  ^^e  greater  the  extensions  the 
greater  the  change  of  cross-section  ;  hence  they  are  greatest  in 
the  extreme  layers  and  =  o  at  the  neutral  layer  of  fibres.  The 
fibres  must  change  their  position  relative  to  the  neutral  layer 
during  bending,  because  of  the  change  of  section,  and  must  co- 
act  with  each  other.  Every  constraint  against  change  of  cross- 
section  increases  resistance  to  tension  and  crushing  (loj),  and 
hence  the  relation 

is  no  longer  strictly  applicable. 

The  fibres  coact  not  only  because  of  change  of  cross-section^ 
but  also  because  of  change  of  length  which  they  undergo  ac- 
cording to  their  distance  t}  from  the  neutral  layer,  and  which 
produces  a  tendency  to  distortion  between  contiguous  fibres. 

This  mutual  coaction  of  fibres  is  different  in  degree  in 
different  cross-sections.  In  section  i-i  of  the  two  sections  A 
and  By  Fig.  124,  the  fibres  in  A  are  to  a  great  extent  free  (un- 
constrained), while  this  is  not  the  case  in  B,  Hence  these 
fibres  are  less  affected  in  A^  and  hence  they  will  conform  to 
the  theory  more  closely.  Therefore  if  two  bars  of  the  same 
material  be  shaped  as  A  and  B^  and  the  maximum  stress  be 
calculated  from  the  results  of  tests,  by  use  of  the  equation 

somewhat  greater  bending-resistance  must  be  found  in  case  of 
B  than  in  A. 
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The  more  nearly  the  section  takes  the  shape  of  two  narrow 
layers  of  fibres  parallel  to  the  (ideal)  neutral  plane,  Fig.  125, 
the  more  perfectly  will  the  assumption  of  independence  of  in- 
dividual fibres  be  fulfilled. 

e.  The  third  assumption,  that  cross-sections  shall 
remain  plane,  is  also  not  strictly  accurate,  because  the  distort- 
ing stress  usually  coincident  with  the  bending  moments  acts  on 
the  bending  of  the  sections. 

However,  Bauschinger,  Bach,  and  others  have 
proven  by  tests  that  cross-sectional  planes  remain  plane  and 
normal  to  the  axis  of  bar  in  case  of  wrought  iron  of  square 
sections,  even  when  bending  is  carried  considerably  beyond  the- 
elastic  limit.  Hence  the  above  assumption  is  to  be  considered 
accurate  for  bars  mainly  subject  to  transverse  load.* 

/.  That  the  fourthassumption,  that  of  equality 
of  ej  for  tension  and  crushing,  and  of  stress, 
being  below  proportional  limit,  is  only  correct  for 
certain  materials,  e.g.,  wrought  iron  and  steel,  has  already  been 
discussed  in  (j/),  p.  27. 

173.  Because,  according  to  the  foregoing,  it  must  not  be 
expected  that  the  results  of  transverse  tests  can  agree  with 
theoretical  deductions  based  on  assumptions  introduced  for 
the  purpose  of  simplifying  the  analysis,  it  must  not  also  be 
expected  that  the  calculations  of  tensile  and 
crushing  strength  based  on  the  results  of 
be  n  d  i  ng-t  est  s  can  agree  with  those  deduced 
from  tension  and  crushing  tests  (Z-  705,  p.  41,  No.  26, 
and  p.  97,  etc.). 

The  above  reasons  would  appear  to  make  it  most  advisable 
to  deduce  bending-stresses  permissible  when  using  the  above- 
mentioned  materials  in  construction,  not  from  tension-  and 
crushing-tests,  but  directly  from  ben  ding-tests,  or  at  least  to 
determine  'those  conditions  which  affect  results  according  to 

•  However  compare  statements  in  (382)^  Fig.  261. 
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fixed  laws,  experimentally  (Z  -rj<?).  From  this  it  will  appear 
that  the  results  would  of  course  depend  more  or  less  upon  the 
shape  of  section. 

174.  It  would,  however,  on  the  one  hand,  cause  consid- 
erable expense  and  inconvenience  to  determine  transverse 
strength  of  materials  for  all  possible  shapes  of  sections  and 
methods  of  loading,  and,  on  the  other,  consideration  of  all 
secondary  considerations  would  involve  such  complexity 
that  the  assumptions  above  made  {i  d  S-i  /  i) 
will  for  the  time  being  be  adhered  to  by  the 
profession.  The  simple  theory  will  no  doubt  be  supple- 
mented by  accurate  calculation  in  special  cases  alone,  when 
conditions  are  such  that  their  effect  may  be  clearly  foreseen. 
It  will  be  necessary,  as  a  rule,  to  see  to  it  that  transverse  tests 
be  carried  out  in  such  manner  that  positive  bending-stress 
alone  be  produced. 

We  are  therefore  compelled  to  find  the  conditions  for  most 
favorable  application  of  stress  to  the  bars,  and  to  select 
such  shapes  that  direc  tly  comparable  results 
be  obtained  by  all  investigators. 

2.    The  Transverse  Test.* 

175.  For  the  purpose  of  making  a  transverse  test  it  is 
customary  to  give  the  test-pieces  the  simplest  shapes,  the 
moments  of  inertia  /  of  which  are  found  in  all  engineers' 
handbooks  in  the  shape  of  calculated  tables,  or  by  which  and 
the  simple  formula  there  also  given  they  can  be  readily  calcu- 
lated. When  complex  shapes  are  used,  their  moments  of 
inertia  can  be  determined  by  approximations,  or  by  use  of 
a  proper  integrating  planimeter.  I  shall  not  pursue  these 
matters  at  this  time,  but  revert  to  them  at  the  end  of  the 
book. 

*  The  term  ''transverse  test"  shall  be  strictly  adhered  to,  be- 
cause it  is  in  common  use,  and  also  because  "bending-tests"  refers 
to  the  shop  test,  hot  or  cold,  universally. — G.  C.  Hg. 
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176.  As  previously  stated  {/72),  transverse  tests  are 
usually  made  as  shown  in  Fig.  121,  the  bar  being  carried  by 
two  supports  and  loaded  at  the  centre.  It  is  customary  to 
measure  deflections  6  at  centre  under  loads  Z,  increasing  in 
intervals. 

A  diagram  may  be  plotted  from  loads  L  and  deflections  <J, 
as  in  the  tension-test,  Fig.  126. 

If  ef  be  constant  for  the  material  tested,  then  the  deflection 
of  the  bar  will  be,  according  to  Eq.  21, 

48/ 
proportional  to  the  load,  and  as 

5  =  -^   b 
4/      ' 

it  is  also  proportional  to  stress  5. 

Hence  the  earlier  part  of  the  curve  up  to  Pwill  be  a  straight 
line.  P  is  the  proportional  limit  for  bending.  Beyond 
P  the  curve  shows  gradual  change  to  the  point  F",  at  which  de- 
flections suddenly  increase  under  small  increments  of  load. 
This  point  Y  is  called  the  yield-  or  bend-point, 
corresponding  to  the  previously  identified  yield-  or  crushing- 
point  {37-39)  of  the  material.  While  some  materials  are  rup- 
tured when  continuing  the  test  beyond  this  point,  or  stress 
reaches  a  maximum,  point  M,  Fig.  126,  permitting  the  deter- 
mination of  breaking-stress,  others  cannot  be  ruptured  by  the 
greatest  loads.  In  this  case  the  yield-point,  as  in  the  case 
of  the  crushing-test,  must  serve  as  the  qualifying  factor  in  the 
properties  of  the  material  tested.  In  this  case,  also,  the  further 
progress  of  the  test  is  frequently  of  interest  to  the  technologist, 
because  he  can  draw  conclusions  as  to  the  workability  of  the 
material  from  its  behavior. 

177.  As  the  points  P,  Fand  M  also  appear  as  character- 
istic points  in  the  transverse  test,  and  the  stress  and  deforma- 
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tion  relative  thereto  are  commonly  used  for  the  qualification 
of  properties  of  materials,  it  is  desirable  here  to  use  an 
abbreviated,  ready,  comprehensive  nota- 
tion. For  this  purpose  the  following  notation  will  be  here- 
after used  in  this  book  when  it  is  desired  to  indicate  from 
which  kind  of  loading  the  values  given  were  derived,  or  to 
which  they  refer :  • 

•Spf  Tt  m\  ^p9  r>  «;  for  tension -load  (derived  from  tension- 
—  Sp9  Tf  Mf      —  fpt  Yi  x\  for  crushing-load  j        or  crushing-test. 

S^pt  YtM'i        ^'pi  r»  jf ;  for  tension-load  )    derived  from  bend- 
"-  S^p  >  r » i^ ;    —  ^'pf  T9  M9  for  crushing-load  )  ing-test. 

Similarly  5^,  e\  etc.,  are  the  symbols  for  simple  stress  and 
extension,  etc.,  as  referred  to  the  same. 

178.  As  in  the  case  of  the  tension-  and  crushing-test  it 
may  be  of  interest  to  study  the  behavior  of  the  material 
under  decrease  of  load  and  repetitive  stress  during  the  trans- 
verse test.  These  occurrences  may  again  be  illustrated  by 
diagrams  as  in  {41)  by  plotting  lines  of  permanent  (set) 
and  of  elastic   deflection   (resilience). 

Residuary  phenomena  can  also  be  studied  by  the 
transverse  test,  and  the  areas  of  diagrams  may  again  serve,  as 
was  the  case  in  the  tension-  and  crushing-test,  to  determine 
the  total  and  the  specific  work  of  deformation 
during  deflection.    (Compare  4^-S4)  {L  137,  §  42,  p.  215.) 

179*  Stress  lines  and  figures  also  appear  on  the  surfaces 
of  the  material,  similar  to  those  in  tension-  and  crushing-tests 
{SS-po),  and  the  phenomena  of  fractures  are  also  equally 
characteristic.  I  do  not  wish  to  discuss  these  details  at  this 
time,  and  shall  reserve  them  for  discussion  in  connection  with 
impact  transverse  tests  in  {2/2),  etc.,  and  the  fracture  phe- 
nomena of  repetitive  tests  {SJJ,  etc.). 

180.  What  should  be  said  about  the  actual  method  of 
making  the  test  relates  to  a  short  description  of  methods  of 
observations  and  of  the  apparatus  used  for  precise  measure- 
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ments ;  at  this  place,  however,  only  general  principles  shall  be 
presented. 

In  rough  tests  deflections  are  usually  determined  by  measur- 
ing the  deflection  by  means  of  a  foot-rule,  resting  against  a 
gauge  or  straight-edge  or  string,  fixed  in  relation  to  the 
supports  for  the  test-bar.  But,  as  will  be  shown  {26^),  the 
variation  of  distance  between  bearing-points,  crushing  of  the 
latter,  and  under  the  point  of  application  of  the  load  Z,  cannot 
be  readily  prevented ;  it  becomes  necessary  to  use  the  utmost 
caution  in  making  measurements  of  precision  in  order  to  avoid 
errors. 

It  is  customary  to  make  these  measurements  from  the 
neutral  axis  as  a  base.  Bauschinger  conceived  a  very 
beautiful  apparatus  for  this  purpose,  the  description  of  which 
will  explain  the  essential  elements  requisite  in  measuring 
deflection.  Fig.  127  shows  the  scheme  of  this  apparatus.  Two 
pairs  of  centre-punch  marks,  a  and  b,  are  made  on  the 
neutral  axes  of  the  sides  of  the  test-bar,  directly  above  the 
points  of  support,  separated  by  a  distance  =/^,  and  a  third 
point,  c  midway  between  the  others.  They  serve  as  bearings 
for  the  pointed  screws  carrying  the  three  yokes.  These  yokes 
carry  movable  bars  by  hinges  (not  shown),  their  ends  bearing 
on  rollers  R  a  b  c  ol  the  roller-friction  levers,  moving  the  latter 
by  friction  whenever  points  ^,  b  and  c  change  their  relative 
positions.  The  motion  of  levers  z  is  read  on  the  graduated 
arcs  M,  The  ratio  of  multiplication  (ratio  of  radius  of  rollers 
to  radius  of  graduated  arcs)  is  ^  or  -^,  so  that,  accordingly  as 
the  small  or  large  rollers  are  used,  readings  of  motion  of  punch- 
marks  relative  to  the  fixed  points  of  roller  carriers  of  approxi- 
mately siAnr  J"-  (yiAnr  cm)  or  TrJinr  i"-  (viAnr  cm)  are  possible, 
as  the  arcs  are  divided  into  millimeters.  The  two  lateral  rollers 
a  and  c  measure  the  motion  over  bearing-points,  and  c  that  of 
the  motion  of  centre  of  bar ;  the  difference  of  readings 

a  +  b 
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therefore  gives  the  actual  deflection  of  the  centre  of  ban 
Great  deflection  of  course  produces  change  of  length  l^ 
(Compare  div.  5,  266-2/0.) 

By  providing  a  straight-edge  attached  in  such  manner  as 
to  move  unconstrainedly  with  the  end  ppnch-marks,  the  in- 
dependent measurements  of  motion  of  these  points  may  be 
avoided,  the  motion  of  middle  centre-punch  mark  with  refer- 
ence to  the  straight-edge  being  alone  determined. 

When  making  transverse-tests  of  timber  at  the  Chariot- 
tenburg  Laboratory,  the  method  is  sometimes  adopted 
of  driving  fine  wire  pins  into  the  bar  at  points  a  and  d  (Fig. 
127)  in  the  neutral  axis.  A  fine  copper  or  steel  wire  (carding 
or  florist's  wire)  is  then  stretched  across  the  pins,  tightened  by 
means  of  weights  at  the  ends.  This  wire  acts  as  an  indicator 
(cross-hair),  passing  over  a  millimeter-scale  of  paper  mounted 
at  point  c.  In  this  manner  readings  of  about  o.oi  in.  (0.2 
mm)  may  be  made. 

181.  If  the  investigation  relates  to  materials  having  very 
slight  flexibility,  or  if  the  deflection  is  to  be  determined  with 
great  accuracy,  mirror  apparatus  (<?/)  may  be  used.  A  straight- 
edge Z,  provided  with  three  points  (a  wood  strip  with  three  nails 
driven  into  it),  one  of  which  at  the  left  end  A  rests  above  the 
point  of  support,  while  the  two  others  are  above  the  right  sup- 
port at  By  is  mounted  on  the  test-bar  so  that  distance  between 
points  at  A  and  -ff  is  =  /^  Two  very  elastic  angles, /"  and  /^ 
(Fig.  128),  are  attached  to  the  bar  and  straight-edge,  by  some 
wax-resin-putty,  at  the  centre.  The  mirror-spindle  is  then 
clamped  between  these  two  springs  /  and  /"„  as  was  described 
in  {S/)  for  the  tension-test.  Readings  are  taken  by  telescope 
on  scale  M,  as  before.  Deflections  of  about  T^nf^innr  ^"'  (y  0  i  0  0 
cm)  may  thus  be  readily  estimated.  The  total  deflection  in 
this  case  must,  however,  not  exceed  a02  in.  (0.05  cm),  but  the 
method  is  a  very  satisfactory  one  in  tests  of  stone,  mortar^ 
concrete,  etc. 

183.  Intze  employed  a  very  interesting  application  of  the 
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mirror  to  make  a  demonstration  of  deflection  of  a  bar  in  every 
direction  visual  to  his  audience.  He  used  a  principle,  previ- 
ously applied  however,  to  make  precise  determinations  of  de- 
flections of  a  bar  in  a  plane.  The  angle  fi  (Fig.  120)  between 
the  elastic  line  and  the  original  bar-axis,  at  the  supports,  is 
measured.  A  mirror  is  mounted  on  one  end  of  the  bar,  and 
its  angular  motion  is  measured  (Fig.  129).  I  n  t  ze  supported 
the  bar  in  such  manner  that  it  could  be  revolved  about  its 
axis  while  subjected  to  a  definite  load  P.  If  a  combination  of 
lenses  was  then  arranged  so  as  to  throw  a  pencil  of  light  on 
the  mirror  which  would  reflect  it  focussed  on  the  scale  M^  the 
double  angle  fi  could  be  read  off  or  the  scale,  or  marked 
on  a  strip  of  paper.  If  the  bar  (say  an  angle-iron)  were  then 
revolved  as  well  as  the  paper  or  scale  about  the  same  axis  00 y 
the  angle  ft  would  vary  in  proportion  to  the  difference  of  1  for 
the  section  placed  in  different  positions  with  relation  to  the 
axis.  If  these  different  points  of  light  were  then  plotted  on 
paper,  the  inertia-ellipse  of  the  particular  section  of  bar  would 
be  obtained. 

183.  In  testing  materials,  as  stated  in  172  and  775,  the 
bar  is  supported  on  two  bearings  and  loaded  at  the  centre. 

The  results  of  transverse  test  are  determined 
from  equation  : 

which  applies  to  S' p,  stress  at  proportional  limit, 

S'y,      "      "  yield-point, 

S My      **      **  maximum, 
and  also  deflections  S  at  these  points. 

From  the  equations  for  deflection  and  the  values  of  S 
found,  we  shall  have : 

^/  =  48p  -jj 22 
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or  when  the  ratio  7  represents  the  ratio  of  deflection, 
then 

As  the  modulus  of  elasticity  is  -ff  =  -, 

^/ 

e/      48/    6  ^ 

If  the  ratio  of  deflection  produced  by  the  unit  of  stress  be 
called  the  unit  of  deflection,  its  value  will  be  found 
from  Eqs.  20  and  23  to  be 

S   ""48   /   'Z//""  I2"*     •     •    •     •    25 

The  ratio  of  deflection  is  constant  with  ff 
within  the  proportional  limit,  which  is  depend- 
ent upon  the  material,  and  also  the  ratio  be- 
tween length  between  supports  (gauge-length)  and 
the  distance  of  the  extreme  fibre  from  the 
neutral  axis. 


3.  Bending  and  the  Law  of  Similarity. 

184.  Advantages  may  also  be  gained   from  the  law  of 
similarity  in  the  case  of  transverse  tests. 

Kick  enunciates  this  law  for  flexure  as  follows: 

''Bars  of  the  same  material,  and  of 
similar  shape,  when  supported  or  fixed, 
and  loaded  in  the  same  manner,  require 
loads  proportional  to  the  cross-sec- 
tional area,  to  produce  similar  deflec- 
tion.*' The  words  " when  supported  or  fixed, 
and  loaded  in  the  same  manner,"  may  be 
easily  misunderstood. 
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It  is  therefore  necessary  to  call  attention  to  the  fact  that 
they  do  not  refer  to  the  method  of  making  the  test  in  a  most 
general  way ;  but  the  dimensions  of  bearings  particularly  must 
have  similar  dimensions  if  the  conditions  of  the  law  are  to  be 
complied  with. 

185.  To  establish  the  law»  let  us  assume  two  bodies,  A 
and  A^y  geometrically  similar  and  of  prismatic  section.  Fig. 
130.  All  values  relating  to  A  are  written  without,  those  refer- 
ring to  A^  are  with,  an  index  i. 

In  these  two  bodies  the  following  ratios  exist : 

a       b       Ig       I 

1)  lengths.  -  =  ^  =  ^  =  -; 

ab       f       I 

2)  surfaces,  —7  =  "7  =  Zi ; 

3)  volumes  and  weight,  -^  =  —  =  —,. 

-  .        .         /       I 

4)  moments  of  mertia,      -y  =  — ,. 
^'  /,      n 

When  deflections  are  indicated  by  rktio  of  deflection,  a 
similar  deformation  of  A  and  A^  is  produced  when 

for  —  will  =  J-  =  -. 

From  Eq.  23,  for  body  A  : 

^__€jLll 

and  for  ^, : 

4.  "48    /,  48    in'    ""48  /  «•' 

From  these  two  equations  we  shall  have : 

4.  «y.  -  48/  ■  e,.  L,n*  ~  L,    ' 
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Hence  the  same  ratio  of  deflection,  i.e.,  gconnet- 
rically  similar  deformations,  will  be  produced  by  loads  which 
are  as  i  to  »',  or  as  the  cross-sectional  areas. 

The  relation  of  stress  is  found  from 

-^  -  4    /• 

and  as  b^  =  bn,  and  Z,  =  Z;/*, 

hence  ^  =  i,  or: 

Equal  stress  produces  equal  ratios  of 
deflection  in  bodies  geometrically 
similar. 

Hence  if  stress  5' and  ratiosof  deflection  d/lg 
be  plotted  for  geometrically  similar  bodies^ 
the   curves   obtained   will   coincide. 

186.  The  law  of  similarity  holds  good,  independently  of 
the  bending  theory,  for  every  deformation,  elastic 
and  permanent,  and  if  its  requirements  do  not  seem  to 
have  been  fulfilled  during  any  test,  although  all  fundamental 
requirements  of  similarity  of  conditions  had  been  met,  then  the 
differences  can  only  have  been  caused  by  differences  in  the 
material. 

Hence,  in  order  to  obtain  comparable  results  in  such  cases 
in  which  it  is  impossible  to  use  bars  of  identical  shape,  it  is 
recommended  that  at  least  geometrically  similar  bars  be  used. 

In  this  case  the  load  increments  are  to  be  proportional  to 
the  square  of  the  dimensions  of  the  length ;  hence  the  cross- 
sectional  area  and  deflections  are  to  be  conveniently  noted  as 
ratio  of  deflection.  The  unit  of  deflection  and  factor  of  elon- 
gation if  are  then  constants  within  the  proportional  limit,  and 
the  ratios  of  deflection  beyond  the  elastic  limit  will   also  be 
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equal  for  like  stress,  as  long  as  the  test-pieces  of  diflerent 
dimensions  are  cut  from  the  same  material  under  like  condi- 
tions. 

The  importance  of  the  introduction  of  uniform 
methods  of  test  which  are  acceptable  to  the  greatest 
possible  number  will  again  become  apparent  in  this  case. 
Tests  by  B  a  c  h  (Z  tjS)  and  also  those  by  the  Comm.  Am. 
Soc.  M.  E.  (Trans.  A.  S.  M.  E.,  1885  et  seq.)  of  cast-iron  bars 
of  different  shapes  prove  in  a  most  striking  manner  the  slight 
value  possessed  by  a  report  of  a  transverse  test  of  cast  iron 
when  the  sections  used  are  not  fully  de- 
scribed, or  when  it  is  not  stated  whether  the  results  of 
tests  have  been  calculated  as  referred  to  the  standard  cross- 
section,  i.e.,  the  square  or  the  circle,  with  use  of  the  empirical 
factors. 

These  empirical  factors  are,  however,  still  very  few  in 
number,  and  it  is  all  the  more  important  to  multiply  them,  as 
it  is  by  no  means  impossible  that  they  depend  upon  external 
conditions  (conditions  of  pouring,  cooling,  etc.).  It  is  quite 
certain,  however,  that  the  ratio  Sj^ :  S^^  for  cast  iron  depends 
upon  chemical  composition. 

[Note.  The  Reports  of  the  Committee  on  Standard  Tests  and 
Methods  of  Testing  Materials,  A.  S.  M.  E.  (see  Trans.),  have  demon- 
strated that  chemical  composition  is  of  primary  importance  in  con- 
trolling the  physical  properties  of  cast  iron,  but  that  shape  of  test- 
bar  and  conditions  of  melting  and  casting  are  of  equal  importance. 
A  mere  description  of  shape  of  test-piece  has  been  found  to  be  in- 
sufficient, as  the  surrounding  influences,  slow  cooling,  or  possibility 
of  chilling  are  all-important  in  their  effect  on  the  characteristics  of 
physical  properties  of  cast  iron. — G.  C.  Hg.] 

These  considerations  are  of  special  value  in  the  case  of  cast 
iron,  because  material  is  frequently  and  most  undoubtedly  ap- 
priately  tested  transversely  by  bending-test.  In  Germany  the 
square  bar  1.2  in.  (3  cm)  recommended  by  the  Conferences 
on  Unification  of  Methods  of  Testing,  and 
39i  i"*  (i  ^)  between  supports,  is  very  largely  used.     This 
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bar  should  be  introduced  most  gene  rally, and 
where    itsuse   is  impossible   bars   whose   pro- 

/ 
portion  of  length  to  section  is  4  =  33.3  should 

be   used. 

Moreover,  the  method  of  casting  and  the  circumstance  of 
pressure  or  absence  of  casting  skin  are  of  material  influence  on 
the  results  {L  13S), 

c.  Thrust-resistance.* 

1.  Definitions. 

187.  Carrying  out  thrust-tests  is  really  exceptional  in  the 
science  of  testing  materials.  Whenever  a  thrust-test  is  made 
it  is  generally  a  question  of  determining  deformation  (lateral 
flexure)  of  parts  of  structures  under  trial  loads ;  e.g.,  to  test 
supports,  columns,  struts,  bridge  members,  etc.,  etc.,  rarely, 
however,  to  determine  constants  of  materials. 

I  shall  therefore  refrain  from  developing  the  theories  of 
thrust,  but  shall  briefly  state  E  u  1  e  r  *  s  equations  {^^9),  which 
appear  to  remain  the  most  important  fundamentals  for  the 
theory   of   thrust.     I   refer  to   the  books   of    Bach  {L  ijy), 

♦The  terms  "thrust,"  "thrust-test,"  "thrust-resistance,"  shall  be  in- 
variably used  when  reference  is  made  to  application  of  force  longitudi- 
nally to  the  object,  when  the  latter  has  a  very  great  length-ratio  -\  the 

d 

difference  between  this  term  and  "crushing  "  lies  in  the  fact  that  the  latter 
refers  to  this  length-ratio  -f,  being  very  small  in  the  latter  case. 

a 

If  this  distinction  be  kept  in  mind  no  confusion  will  arise  and  the  awk- 
ward and  incorrect  terms  "compression,"  "compression-test,"  "compres- 
sive force,"  will  be  entirely  avoided.  Moreover,  the  confusion  of  the 
meaning  of  the  term  "  compression,"  whether  relating  to  force  or  to  length, 
will  not  arise,  especially  as  the  terms  "  shortening  "  or  "shorten"  here 
used  apply  with  equal  correctness  and  clearness  to  both  crushing-  and 
thrust-tests.  I  am  well  aware  of  the  general  use  of  the  term  "compression- 
test,"  but  refuse  to  be  a  party  to  the  adoption  or  tise  of  a  term  which 
among  engineers  and  scientists  shpuld  be  considered  unpardonable. — G. 
C.  Hg. 
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Grashof  (Z  ^39\  and  others,  or  to  the  exhaustive  tests  of 
Bauschinger  {L  i4o\  Tetmajer  {L  141^  ^4^)^  and 
others  for  a  more  detailed  study  of  the  subject.  Bausch- 
inger reaches  the  conclusion  that  E  u  I  e  r '  s  equations  suffice 
for  the  theory  of  thrust ;  Zimmermann  is  of  the  same  opinion. 
Land  {L  144)  lately  published  a  pretty  derivation  of 
E  u  1  e  r  '  s  equations. 

188.  If  a  long  prismatic  bar  be  subjected  to  end  pressure 
it  will  rarely  ever  bulge,  as  is  the  case  with  short  bodies  of 
same  section,  and  assume  barrel-shape,  or  show  the  phenomena 
of  rupture  described  in  {12 f).  It  will  in  fact  almost  invariably 
be  flexed  (bent  laterally)  in  either  direction,  and  the  fracture 
will  be  similar  to  that  obtained  by  the  transverse  test. 

A  long  body  is  never  mathematically  straight ;  it  is  also 
almost  impossible  to  grip  it  by  the  testing-machine  in  such 
manner  that  the  centre  of  stress  coincides  with  the  axis 
through  the  centre  of  gravity.  Likewise  secondary  stresses, 
due  to  defective  bearing  between  pressure-surfaces,  or  the  use 
of  horizontal  machines  and  consequent  deflection  produced  by 
the  dead  weight,  can  hardly  be  obviated ;  they  appear  during 
the  progress  of  the  test.  All  these  circumstances  produce 
bending-stress  additionally  to  the  thrust-stress.  The  moment 
producing  flexure  is  very  small  in  case  of  short  bodies,  and  the 
force  L  may  also  exceed  the  crushing-strength.  But  if  the 
bodies  become  sufficiently  long  in  relation  to  the  section,  the 
lever-arm  of  the  bending-moment  increases  under  effect  of  the 
force  L  acting  in  the  direction  of  the  axis,  finally  irresistibly, 
and  the  body  is  ruptured  by  flexure.  Flexure  usually  occurs 
when  the  body  is  free  to  bend  laterally,  in  the  plane  which  has 
the  least  moment  of  inertia.  If  an  appreciable  deflection  ex- 
isted initially,  which  may  be  the  case  in  long  bodies  tested 
horizontally,  flexure  usually  occurs  in  the  plane  of  this  de- 
flection incase  of  bodies  having  equal  or  nearly  equal  moments 
of  inertia  in  different  directions. 

189.  The  development  of  the  elastic  curve  during  flexure 
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will  vary  according  to  the  type  of  end  bearing,  and  hence  the 
force  required  to  produce  flexure  will  also  vary  accordingly. 
It  is  customary  to  distinguish  four  types  of  bearing. 

a.  The  body  is  fixed  at  one  end,  as  shown  in  Fig. 
131,  and  the  force  L  acts  on  the  other  end  parallel  to  the  orig- 
inal axis,  but  otherwise  unconstrainedly ;  the  free  end  of  the 
bar  may  also  move  laterally  without  constraint.  This  case 
hardly  ever  arises  in  testing. 

b.  The  body  is  free  to  move  (hinged)at  both 
ends,  as  in  Fig.  132  (bearings  on  knife-edges,  centres  or 
ball  joints),  but  they  are  so  guided  that  the  direction  of  force 
always  passes  through  the  centre  of  supports.  This  case  is 
frequently  used  in  testing. 

c.  The  body  is  fixed  at  one  end,  as  in  case  a^ 
and  hinged  at  the  other,  as  in  case  b  and  shown  in 

Fig.  133- 

d.  The  body  is  fixed  at   both   ends,  but   these 

are  guided  in  such  manner  that  the  direction  of  force 
always  passes  through  centre  of  support.  Frequently  used  in 
testing. 

The  limiting  loads  for  these  four  cases,  under  which,  accord- 
ing to  Bauschinger,  the  initial  deformation,  as  well  as  the 
gradually  increasing  flexure  produced  by  increasing  loads,  sud- 
denly becomes  immeasurable,*  are  given  by  Euler's  equations 
as  below,  for  each  method  of  loading,  as  follows : 

*  Bach  (Z  IS7,  §  24)  deduced  the  value  for  flexure  for  case  a  as  follows: 

y=  a  ^ — ^ — 7^=^ —    ^^^ 

cos 


('<•  /^1 


gives  a  very  pretty  example  by  calculating  flexure  of  a  bar  40  in.  long  and 
4  in.  diam.,  with  L  gradually  increasing.  If  a  be  the  small  leverage  at 
which  the  force  L  acts  producing  the  bending  moment,  he  finds 

for  Z  =  5  10        15         20        22.5         24.7  at. 

flexure  of  free  end  of  bar  0.32^  0.85a   1.950   5.54a   13.16a   coa— failure. 
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For  that  shown  by  Fig.  131 : 

^)  ^  =  -JTr ^^ 

4  vv 

in  which   tf  =  factor  of  elongation ;    /^  =  test-lengfth ;    /  = 
least  moment  of  inertia  of  section. 
For  Fig.  1 32  : 

b)  L  =  n'---n 27 

For  Fig.  133: 

c)  L  =  27t*—T^ 28 

And  for  Fig,   134  : 

d)  L  =  47t'-"jt 29 

When  using  these  formulae  for  calculations,  it  should  be  re- 
membered that  objections  to  the  derivation  of  the  bending 
theory,  similar  to  those  stated  in  {172),  may  be  urged  against 
the  assumptions  made.  It  should  never  be  forgotten  that 
these  typical  methods  of  loading  are  never  quite  reah'zed,  and 
that  they  are  rather  modifications  from  one  to  the  other ;  that 
in  fact  such  modifications  may  occur  suddenly  during  test. 
The  constructor  must  consider  the  possibilities  of  each  case  by 
itself.  For  these  reasons  the  empirical  formulae  do  not  always 
possess  the  value  which  their  agreement  with  results  of  tests 
from  which  they  were  derived  would  seem  to  indicate. 

2.    The  Thrust-test. 

190.  Holding-devices  for  thrust-tests  must  be  designed 
in  such  manner  that  the  body  must  undergo  flexure  as  nearly 
as  possible  in  conformity  with  one  of  the  types  shown  in  Figs. 
1 31-134,  For  this  reason  either  the  body  itself  or  its  bearing- 
devices  are  provided  with  knife-edges,  points,  pins  or  balls.    In 
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the  latter  case  provision  is  sometimes  made  to  fix  the  bearing- 
plates  firmly  after  adjustment  by  means  of  four  set-screws. 

Fig.  38  (7j)  shows  the  pressure  holding-devices  for  the 
Werder  machine.  The  platen  moves  freely  in  the  spherical 
bearing  (although  resisted  by  the  friction  between  bearing-sur- 
faces), or  it  can  be  fixed  by  the  four  set  screws. 

191.  Measurement  of  flexure  is  generally  a  very  incon- 
venient matter.  It  is  simplest  in  cases  in  which  the  test-pieces 
are  themselves  provided  with  knife-edges,  points,  pins  or  balls 
for  bearings,  and  when  it  is  certain  that  the  bearings  suffer  na 
lateral  displacement.  This  will,  however,  rarely  be  the  case^ 
and  it  will  therefore  be  necessary  to  presuppose  lateral  displace- 
ment when  making  measurements  of  precision.  If  displace- 
ments of  bearings  be  precluded,  it  will  suffice  to  measure  flex- 
ure at  the  centre  of  length,  referred  to  two  points  fixed  in 
space,  in  such  manner  that  the  motion  in  the  direction  of  the  two 
R.  A.  axes  of  the  middle  section  be  determined.  In  the  second 
case  similar  measurements  should  also  be  made  in  planes  as 
near  as  possible  to  the  bearing-surfaces,  and  the  actual  flexure 
of  test-piece  then  be  determined  either  mathematically  or 
graphically ;  in  fact  a  tedious  but  a  necessary  procedure. 

193.  Bauschinger  also  constructed  very  satisfac- 
tory apparatus  for  the  above  object,  shown  in  scheme  in  Fig.. 
135.  The  motions  of  the  section  5  due  to  flexure  in  direction 
AB  are  transmitted  to  the  indicator  Z,  moving  over  a  fixed  scale 
M  and  actuated  by  the  rod  F,  bearing  with  its  pointed  end  in 
a  punch-mark  on  the  column.  Flexure  is  indicated  double.  In 
a  similar  manner  the  component  in  direction  CD  is  transmitted 
by  Y  to  M,  hinged  to  Z, ,  which  is  again  hinged  to  a  fixed 
point,  its  outer  end  moving  over  the  arc  M  at  a  rate  twice  that 
of  the  flexure.  The  arcs  J/ are  initially  adjusted  to  O,  and  are 
provided  with  positive  and  negative  readings,  thus  indicating 
in  which  quadrant  flexure  is  occurring.  Bauschinger 
uses  three  of  these  apparatus ;  they  are  very  satisfactory. 

193.  Bauschinger   also  occasionally  used   his   roller 
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apparatus,  Fig.  42  (//),  attaching  it  as  shown  by  Fig.  136. 
The  motions  of  the  section  5"  are  transmitted  by  means  of 
wires  Fand  Y^  to  the  rollers  R  and  JR^ ,  and  indicated  by  point- 
ers in  a  ratio  of  10  or  20  times  actual  flexure.  The  supports 
for  the  rollers  must  of  course  remain  fixed  in  space. 

194.  Bauschinger's    method  may  also   be   readily 

used  for  autogrammatic  records  up  to  a  multiplication  of  about 

5  times,  if  light  wooden  bars  /f  and  //, ,  as  shown  in  Fig.  137, 

be  provided,  one  carrying  a  recording-surface,  the  other  If  a 

pencil.      The  pencil  (or  pen)  will   then  record  direction  and 

magnitude  of  flexure,  and  calculations  will  become  unneces- 
sary. 

195.  The  autographic  recording-device  shown  schemati- 
cally in  Fig.  1 38  is  used  at  the  Watertown  Arsenal, 
Boston,    Mass.,    on   the    Emery   machine   for   flexure 

during  thrust-tests.  A  bar  Z,  carrying  a  pen  at  each  end  2 
and  Z^ ,  is  clamped  to  the  strut  5,  thus  tracing  lines  on  T  car- 
ried by  the  straining-screws  A  and  B.  The  flexure  of  the  axis 
of  bar  S  is  derived  from  these  records.  However,  micrometers 
are  also  mounted  at  points  /by  which  longitudinal  crushing 
is  measured. 

196.  In  order  to  eliminate  displacement  of  the  ends  of 
bars,  and  to  confine  measurements  to  those  of  the  axis, 
Bauschinger  constructed  an  apparatus,  plan  of  which  is 
shown  by  Fig.  139.  Three  openable  rings  i?,  provided  with 
four  set-screws  each,  are  placed  about  the  test-bar  S,  The  two 
end  rings  have  lugs  on  which  the  bar  L  is  carried.  The  middle 
ring  carries  two  reading-microscopes  J/,  and  M^ ,  one  of  which 
reads  the  vertical  deflection  on  the  objective  micrometer  0^ ; 
the  microscope  M^  measures  the  horizontal  deflections  on  (9,. 
The  bar  L  is  affected  but  very  slightly  by  the  individual  mo- 
tions of  end  rings,  so  that  its  position  with  relation  to  the  cen- 
tres of  end  sections  of  the  test-piece  may  be  considered  as  im~ 
movable.  Hence  the  two  components  of  flexure  of  test-bar  are 
read  directly  as  referred    to   the   length  /^  of   bar   Z.      The 
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measurements  are,  however,  somewhat  awkward  and  require 
experienced  observers. 

197.  Horizontal  machines  are  generally  used  for  thrust- 
tests,  because  they  are  frequently  made  to  test  large  bodies, 
columns,  etc.,  and  because  vertical  machines  become  incon- 
venient for  long  pieces.  *  Special  provision  must  be  made  in 
horizontal  machines  to  freely  counterbalance  the  dead  weight  of 

test-pieces,  to  make  accurate  tests  possible.  Bauschinger 
did  this  for  the  W  e  r  d  e  r  machine,  supporting  the  columns 
by  balancing-levers  carried  by  the  frame  of  the  machine.  Such 
levers  must,  however,  be  so  arranged  that  they  offer  no  con- 
straint to  flexure  in  any  direction.  Where  cranes  run  above 
testing. machines  this  can  be  done  quite  readily  and  most  per- 
fectly, as  shown  by  Fig.  140,  in  which  the  levers  support  the 
column  at  such  points  that  deflections  due  to  dead  load  are 
minima.  Fetmajer  describes  a  support  by  springs.  {L 
142,  p.  22.) 

198.  It  is  customary  to  determine  the  maximum  flexure 
under  prescribed  test  loads,  and  the  permanent  set,  if  any, 
after  release.  If  the  test  is  to  be  carried  to  destruction  it  is 
customary  to  measure  flexure  due  to  definite  loads  up  to  the 
limit  load,  at  which  continuous  flexure  or  rupture  takes  place. 

If  diagrams  of  flexure  due  to  different  loads  are  desired, 
absolute  measurements  of  flexure  alone  are  suitable.  Within 
the  P-limit  flexure  will  be  proportional,  generally,  however, 
much  disturbed  by  accidental  conditions. 

d.  Torsional  Resistance. 

!•  Definitions. 

199.  Torsional  Resistance,  the  same  as  is  the 
case  with  thrust-resistance,  is  rarely  determined  for  purposes 

*  The  translator  is  not  of  the  same  opinion  as  the  author,  and  would  limit 
this  statement  to  machines  as  at  present  constructed.  A  vertical  machine 
properly  designed  is,  in  his  opinion,  much  more  convenient  for  this  pur* 
pose. — G.  C.  HfiT. 
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of  the  science  of  resistance  of  materials  (Z  136^  1896,  p.  1381). 
When  it  is,  however,  done,  it  is  usually  a  question  of  testing 
cylindrical  bars,  especially  of  shafts  and  axles.  Testing  parts 
of  constructions  for  determination  of  torsional  resistance  is 
undertaken,  but  is  then  no  longer  a  problem  for  the  science  of 
testing.  I  shall  therefore  confine  myself  to  giving  formulae  for 
circular  sections,  and  again  refer  to  works  on  the  resistance  of 
materials,  such  as  Bach,  Grashof,  etc.  {L  137  and  /jp), 
and  also  to  the  extensive  investigations  of  Bauschinger 
(L  145)  and  B  a  c  h  (Z  138). 

200.  A  straight  cylindrical  body  is  subjected  to  torsional 
stress  alone  when  the  forces  applied  produce  in  all  sections 
but  a  single  moment  of  force  in  a  plane  normal  to  the  axis  of 
the  bar. 

The  torsional  moment,  J/i,  of  the  couple  of  forces  produces 
a  torsion  of  the  end  section  2  with  relation  to  section  i  of  the 
body.  Fig.  141.  Experience  teaches  that  the  end  sections, 
originally  plane,  remain  planes  during  distortion,  and  that  the 
amount  of  torsion  is  identical  in  all  sections.  Hence  if  the 
relative  distortion  of  two  sections  I  and  2,  separated  by  dis- 
tance I,  Fig.  142,  be  the  distortion  S^  vertical  to  OA  at 
distance  r  from  axis  O^  then  the  torsion  of  point  B  at  distance 

r'  from  the  axis  will  be : 

r' 
St'  =S-, 

or,  distortion  is  proportional  to  the  distance  r'  from  the 
axis  O ;  its  value  for  various  distances  /  will  be  limited  by  the 
right  line  A'O.  If  the  torsional  stress  acting  in  the 
sectional  plane  normal  to  OA  be  denoted  by  5< ,  and  if  the 
distortion  produced  by  5<  =  i  at.  (kg/sq.  cm)  be  the 
factor  of  distortion  St^  corresponding  to  e^  in  tension, 

then 

S/  =  — ' a 

is  the  stress  at  distance  /  from  axis  O, 
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The  factor  of  distortion  Sty  is  constant  for  certain  materials 

under  small  stress,  similar  to  e/ ;  for  others,  such  as  cast  iron, 
it  is  variable  from  the  beginning.  In  the  first  case  Si  is  with 
St  proportional  to  distance  from  axis  O;  its  value  for  different 

r'  is  limited  by  the  right  line  A'^0.  In  the  second  case  St  varies 
according  to  the  same  law  as  St',  in  this  case  a  curve  limits  the 
values  of  St  for  varying  distances  from  O,  instead  of  the 
right  line  A^O. 

201.  The  external  and  internal  forces  must  be  in  equilib- 
rium in  a  distorted  body,  i.e.,  the  torsional  moment  M^  niust 
equal  the  moment  of  distortional  stress  St ;  hence 


As 
we  shall  have : 


Mt  =JStdar\ 

'^'  "  Sty  ""  ^'*r    SiJ 


-T-A 


Mt^—    /  -^'da. 


and  for  the  case  of  St.  constant : 

Because  r'*  =y  +  ^'  (Fig*  142)1  and  when 

/  yda  =  /,      and       /  s^da  =  ly , 

the  moments  of  inertia  referred  to  axes  of  Z  and  V  (equal  for 
circular  section),  we  shall  have 

in  which  {ly -|- /,)  =  i^  is  called  the   polar  moment   of 
inertia. 
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For  the  circular  section  we  shall  have : 

n 
^jr  —  A  —  ^r  , 

and,  correspondingly, 

Distortion  of  section  2  with  relation  to  I,  the  small  angle  0, 
Fig.  142,  is 


0=-, 


or,  from  Eq.  30 : 


For  a  cylinder  of  length  /  the  relative  angle  of  distortion  of 
end  sections  will  be : 


01  =  -^  •  -IT^' 


31 

202.  Torsional  stresses  always  appear  in  pairs  vertical  to 
each  other  {L  137,  §§  30,  32).  Hence  the  stress  St  is  also  ver- 
tical to  the  section  in  the  direction  of  the  axis,  and  is  propor- 
tional  to   its  distance  therefrom,   when   5^     is    constant    or 

increases  according  to  the  law  of  S^  when  the  latter  is  variable. 

The  results  in  different  directions  of  these  torsional  stresses 
may  be  easily  seen  on  bodies  of  material  having  different  tor- 
sional resistance  in  different  directions.  Rolled  iron,  wire,  etc., 
readily  show  distortion  along  the  fibres  during  torsion,  which 
often  becomes  very  marked  on  the  piece  during  winding. 

2.  The  Torsion-test. 

203.  Torsion  test-pieces  are  to  be  gripped  in  such  manner 
by  the  testing-machine  that  they  are  subjected  to  torsional 
stress  alone,  without   producing  secondary  effects ;    that   is 
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generally  by  no  means  an  easy  matter ;  hence  there  are  many 
gripping  methods  which  shall  be  discussed  more  fully  when 
describing  individual  machines. 

Cast-iron  test-pieces  and  those  of  similar  material  are  gener- 
ally cast  specially  for  test  purposes,  and  hence  heads  may  be 
readily  provided  on  the  cylindrical  or  prismatic  bar  which  fits 
the  machine  available.  Bauschinger  and  Bach  used  the 
shapes  of  bars  shown  by  Figs.  143  and  144,  in  which  the  cast 
square  edges  were  held  by  blocking  in  the  heads  of  machines 
when  necessary. 

If  teSt-pieces  must  or  can  be  cut  from  larger  pieces,  it  is 
customary  to  provide  square  ends  of  smaller  and  similar  shape, 
as  in  Fig.  145.  But  if  such  heads  cannot  be  provided,  and 
smooth  cylindrical  bars  must  be  used  (shafts,  pipes)  as  such,  it 
is  customary  to  cut  keys  and  key-seats  as  in  Fig.  146,  or  the  end 
of  shaft  is  flattened  as  in  Fig.  147.  In  these  two  methods  rup- 
ture easily  occurs  at  the  jaws.  Occasionally  gripping-edges, 
holding  the  shafts  at  the  surface,  are  used,  similar  to  the  ser- 
rated  wedges  used  in  tension-test,  which  grip  more  firmly  as 
the  torsional  moment  increases. 

m 

204.  Distortion  is  usually  measured  on  a  given  length  of 
the  test-piece  /^,  either  by  indicators  moving  over  graduated 
circles  or  by  use  of  mirror  apparatus.  Indicators  may  be  con- 
structed as  in  Fig.  148,  the  graduated  arc  A  being  adjusted 
concentrically  about  the  bar  by  means  of  four  screws.  The 
pointer  Z  is  then  attached  in  a  similar  manner  at  a  distance  /. 
The  angle  of  torsion  is  read  off  on  the  graduated  arc  A,  The 
Bauschinger  roller  apparatus  (77,  iSo,  ipj)  may  be 
adapted  in  a  very  efficient  manner  for  the  same  purpose  by 
mounting  two  of  them  separated  by  the  distance  /  as  shown  by 
Figs.  149  and  1 50,  the  difference  in  readings  between  the  two 
giving  the  angle  of  torsion;  readings  of  10-  or  20-fold  magni- 
tude are  thus  obtained.  Apparatus  Fig.  149  operates  by  a 
superposed  bar;  Fig.  150  by  a  fine  wire. 

205.  Bauschinger    used   two   telescopes   for   deter- 
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mination  of  elastic  distortion,  which  were  mounted  on  hinged 
rings,  provided  with  four  pointed  adjusting-screws,  and 
clamped  at  the  proper  distance,  Fig.  151,  taking  readings  on 
properly  mounted  scales.  When  distance  of  millimeter  scale 
from  centre  of  bar  is  yi  =  3  m,  then  the  reading  of  small 
angle  of  torsion 

0  =  tang  0  =  ^ 


with  estimations  of  ^^rJinr'  ^^^  large  angles  of  torsion  the 
error  due  to  reading  on  a  flat  scale  must  be  eliminated  by  cor- 
rection (as  <p  is  then  not  =  tang  <p).  Besides  this,  mounting 
the  telescope  away  from  the  axis  of  torsion  introduces  errors, 
as  shown  by  Fig.  152,  in  which  ^a  would  give  the  error  of 
reading  a. 

206«  The  Martens  mirror  apparatus  can  also  be  used 
for  measuring  small  angles  of  torsion  when  mounted  as  in  Fig. 
153  ;  when  its  eccentric  position  becomes  apparent,  its  readings 
will  also  be  erroneous,  and  most  defective  when  mounted  in 
position  B';  the  distance  A  will  be  but  half  as  great  for  the 
same  multiplication  as  in  the  above  arrangement  byBausch- 
i  n  g  e  r.  The  advantage  in  my  method  is  that  only  the  very 
light  mirror,  which  can  be  attached  with  a  little  speck  of  wax, 
is  carried  by  the  bar  instead  of  a  necessarily  heavy  telescope. ' 
Besides,  the  telescopes  remain  mounted  on  their  stand  in  the 
usual  place,  and  the  effect  of  the  heat  of  the  human  body  is 
obviated.  • 

207  •  Recorders  for  torsion-tests  shall  be  described  later 
on. 

208.  In  torsion-tests  it  is  customary  to  measure  the  dis- 
tortion due  to  regular  increments  of  the  torsion  moment. 
Thus  it  is  found  according  to  deductions  in  {201)  that  in  case 
of  materials  having  a  constant  S^^  there  will  be  S^  propor- 
tional to  the  St ,  and  hence  a  proportional  limit, 
then  a  yield-point,  a  torsion -limit,  and  finally  a 
maximum   load,   expressed    in   terms  of  S,  and  the  re- 
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spective  distortions  St^ ,  referred  to  the  distance  i  between  the 
layers,  and  the  radius  r'  =  I. 

The  factor  of  torsion  5<.  may  be  found  from  St  and 
St^  by  Eq.  a  {200) : 

It  bears  a  relation  to  the  factor  of  extension,  according  to 
the  theory  of  strength  of  materials  (Z  zj7,  §  31),  as : 

7^  =  r7 ; — Tvt  or  in  numbers,  as  ^  =  3  to  4: 

^  1  A. 

j^  =  I  to  —  =  0.375  to  0400. 

The  elastic  limit,  elastic  and  permanent 
distortion,  torsional  elastic  resilience,  re- 
siduary effects,  resiliency,  etc.,  may  also  be  sub- 
jects of  investigation  during  the  torsion  test;  but  a  detailed 
description  of  these  matters  would  lead  us  too  far. 

209.  The  law  of  similarities  may  also  be  applied 
to  the  torsion-test,  and  it  may  be  stated  that  test-bars  of 
symmetrically  similar  dimensions  under  equal  stress  will 
produce  equal  deformations,  referred  to  the  unit  of  length. 

3.  Types  of  Fractures. 

210.  A  number  of  typical  fractures  as  obtained  with 
cylinders  of  low  steel  (Flusseisen)  and  cast  iron  are  shown  on 
PI.  2,  Figs.  25,  29  and  30.  In  cast  iron,  steel  and  materials  of 
similar  structure  the  fracture  follows  a  complete  revolution  of 
a  spiral  on  the  surface,  the  two  ends  being  joined  by  a  plane 
passing  through  the  axis  of  the  test-piece.  (Compare  20J, 
Fig.  143,  and  Plate  2,  Figs.  25,  29  and  30.)  Bach  shows  a 
number  of  such  fractures  of  cast  iron  of  different  sections 
(Z  138,  1889,  p.  137,  Figs.  8-19). 
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In  fine-grained  mate];ial  fracture-lines  appear  {i22\  usually 
radiating  from  a  i>oint  on  the  surface  at  the  middle 
of  the  helix  (PL  2,  Fig.  25).  It  may  be  surmised  that 
the  point  of  radiation  in  this  case  was  again  the  origin 
of  rupture.  It  will  be  seen  that  the  necessity  of  more 
searching  comparative  study  of  phenomena  of  fracture  is 
here  again  emphasized.  I  shall  give  further  hints  about  these 
phenomena  later  on. 

21  !•  Soft  tough  metals  show  fractures  (PI.  2,  Fig.  29) 
which  lie  almost  wholly  in  a  plane  normal  to  the  axis,  fre- 
quently showing  slight  lumps  at  the  parts  near  the  axis.  The 
fracture  has  the  characteristic  appearance  of  sheared  surfaces, 
but  the  scales  are  arranged  in  spirals,  clearly  defined,  running 
toward  the  centre  of  fracture.  It  is  almost  possible  to  count 
the  number  of  revolutions  made  by  twisting  a  wire  by  following 
the  clearly  marked  spiral  lines  on  the  external  surface.  It  is 
striking  how  perfectly  irregularities  in  wire  manifest  themselves 
by  the  preservation  of  perfectly  smooth  spots,  which  certainly 
play  no  appreciable  part  during  torsion.     (See  PI.  2,  Fig.  26.) 

I  also  desire  to  again  call  attention  to  the  exhaustive  treat- 
ment of  Torsional  Resistance  by  Bach  \L  Jj/\  anxd 
also  particularly  to  the  representation  of  distortion  by  net  lines 
scribed  on  bodies  of  various  shapes. 

e.  Shearlng-stren^h. 

212.  Shearing-strength  of  materials  is  frequently  deter- 
mined, hence  the  relative  conditions  should  be  here  examined. 
In  fact,  attempts  to  introduce  the  shearing-test  as  a  method  of 
testing  and  to  prove  its  equal  utility  to  the  tension-test  are  not 
wanting.  Kick  proposed  the  application  of  shearing-test  for 
determination  of  hardness  of  materials  previous  to  1890  (Z 14^, 
148). 

Alfred  E.  Hunt  also  made  a  proposition  in  1893  (Z  147). 
But  he  admitted  in  1894  that  the  results  of  his  investigations  were 
too  indefinite  to  be  of  any  practical  value.  Ch.  Fremont 
(Z  2^6)  in   1897,  however,  developed  a  very  satisfactory  autographic 
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recorder  for  punching-  and  shearing-tests,  from  the  records  of  which 
he  seems  to  have  derived  practical  results  of  considerable  value,  and 
particular  attention  is  called  to  his  work. — G.  C.  Hg. 

The  shearing-test  is  habitually  made  by  two  methods, 
either  as  an  actual  she  ari  ng-t  est  or  as  punching- test. 

1.  Shearing. 

S13.  Shearing,  5^,  is  the  resistance  offered  by  parti- 
cles of  material  against  displacement  in  a  plane.  Taken  strictly, 
torsional  strength,  5^  {200),  should  be  synonymous 
with  shearing-strength,  when  the  distance  between  the  two 
cross-sections,  relatively  distorted,  becomes  very  small.  Actu- 
ally, however,  the  torsional  strength  of  material  is  never  meas- 
ured by  the  shearing-test,  because  there  are  always  series  of 
secondary  conditions  which  prevent  the  manifestation  of  the 
torsional  strength. 

2.  Sliearing-test. 

214.  In  its  simplest  form  the  shearing-test  is  arranged  as 
in  Fig.  154,  in  such  manner  that  shear-blades  SS  cut  the  body 

A  with  force  P  on  line  00 ;  i.e.,  tend  to  displace  the  one  half 

A  relatively  toward  the  other  A  on  the  line  00.     Assuming 

the  shearing-force  Pas  uniformly  distributed  over  the  section 

P 
a^  we  shall  have  the  shearing-stress   5^  =  — .     At  first 

glance  it  might  appear  that  the  test  would  determine  actual 
shearing-resistance ;  this  is,  however,  not  the  case,  as  the  fol- 
lowing consideration  will  show.  Actual  shearing-stress  can 
only  be  induced  at  the  beginning  of  the  test,  at  the  moment  in 
which  both  shear-blades  just  touch  the  bar.  As  this  contact 
takes  place  on  a  single  line,  only  under  the  most  favorable  con- 
ditions, further  progress  must  cause  immediate  passage  of  the 
crushing-limit.  The  material  flows  laterally  until  the  bearing- 
surfaces  under  the  shearing-edges  have  become  so  large  that 
the  force  P  does  not  cause  further  lateral  flow.  Then,  how- 
ever, the  direction  of  the  forces  P  no  longer  coincides  with  the 
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line  00*  The  forces  pass  as  a  resultant  through  a  point  below 
the  shearing-edges  in  contact  with  the  bearing-surfaces,  Fig. 
155,  and  produce  a  right-hand  moment,  so  that  there  will  be 
a  bending-stress  in  addition  to  the  shearing- 
stress,  which  is,  however,  small  as  compared  with  the  latter. 
The  right-hand  moment  is  in  equilibrium  with  a  left-hand  mo- 
ment, the  forces  L  of  which  are  produced  by  the  bearing  of  the 
test-piece  against  the  flanks  of  the  shears.  The  forces  L  gen- 
erate friction  on  these  surfaces,  to  overcome  which  a  part,  al- 
though small,  of  P  is  lost.  Briefly,  it  will  be  seen  that  the 
results  of  shearing-tests  will  not  determine  the  shearing- 
strength  accurately. 

215.  If  the  body  to  be  sheared  is  soft  and  yielding,  as 
wood,  lead,  leather,  etc.,  a  further  crushing  of  the  material  will 
become  evident  in  addition  to  the  local  crushing  under  the 
shear-blades,  which  makes  the  procedure  much  more  complex 
than  previously  described,  so  that  there  may  in  fact  be  doubt 
as  to  whether  the  original  thickness,  or  the  actual  thickness  at 
the  moment  of  beginning  of  shearing,  should  be  used  irj  calcu- 

P 
lation  of  shearing-strength  from  5^  =  ■-,  in  which  a  =  length 

X  thickness. 

a.  Theoretical  considerations  generally  show  that  a  certain  rela- 
tion exists  between  iS  and  Ss,  but  the  assumption  of  properties  of 
materials  and  of  distribution  of  stress  txiade  therein  very  rarely 
exists.  For  wrought  iron  and  steel  the  ratio  between  shearing- 
strength  Ssj^^  and  tenacity  Sm  is  commonly  stated  as  =  o.  7  to  0.8  ; 

for  cast-iron  it  may  be  found  even  greater  than  i.o  (/^J,  a).  Tests 
of  material  having  a  structure  which  causes  development  of  differ- 
ent resistance  in  different  directions  in  the  body  may  even  give  more 
manifold  results.  Tensile  strength,  as  well  as  shearing-strength,  may 
in  this  case  be  very  different  in  different  directions,  and  these  con- 
ditions are  very  different  in  woods.  Therefore  tests  of  properties 
of  wood  should  not  be  limited  to  its  crushing-strength  alone,  which 
is  the  most  readily  determined,  but  the  shearing-test  at  least  should 
also  be  made. 

d.  It  is,  however,  easily  forgotten  that  similar 
matters  may  become  effectivein  the  case  of 
metals   as  well.     Therefore  some  average  values  of  shearing- 
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Strength  of  plate  iron  determined  from  Bauschinger's  tests 
shall  be  here  given. 

These  tests  published  as  early  as  1874  (Z  -?,  Part  2)  were  in- 
tended to  determine  the  changes  produced  in  sheets  of  exploded 
boilers.  The  test-strips  were  tested  in  tension  parallel  and  trans- 
versely to  the  direction  of  rolling,  and  under  shear  in  three  principal 

directions,  as  indicated  in  Fig.  156,  01,  02  and  05.  Direction  01 
was  that  of  rolling.  Sections  were  made  in  the  planes  A,  B  and  C, 
of  which  the  latter  is  the  rolled  surface.  Table  21  contains  averages 
of  results  found  with  plate  of  different  kinds. 

Table  21.    Shearingr-tests  of  Boiler-plate  by  Banschinger. 


Shearing-strengih  S^^  in  at. 

Tenacity 

Sm 

in  at.  in 
direction. 

Kind  of  Plate. 

Plane  of  Section  and  Direction 
(Fig.  156). 

Ratios  S^fS, 

At 

3160 
3210 
2900 
3150 
3590 
4390 

At 

2780 
2830 
2760 
2830 

3440 
3980 

Bt 

2590 
2680 
2550 
2690 
2840 
3920 

B^ 

3080 
3190 
3030 
3230 
3060 
4460 

1 

1570  1580 
1480  1420 
1460  1330 
1480  1370 
1780  1770 
3780  3720 

z 

2630 
3200 
3300 

3590 
4160 

5030 

a 

2480 
2800 

2540 
2880 

5180 

At 

1.20 
1. 00 
0.88 
0.88 
0.86 
0.87 

At 

1.06 

T.I3 

,0.84 

0.79 

0  83 

,0.79 

Bt 

1.04 
0.96 
I. CO 
0.93 

0.76 

B^ 

a)  Puddled    Plate 

b)  Low  Moor    ** 

c)  Charcoal       ** 

d)  Boiler 

e)  Rolled  Iron  " 

f)  Bessemer      '* 

I  24 
1. 14 
1.19 
1. 12 

0.86 

It  will  be  readily  seen  how  the  values  of  Ssj^  and  of  ratio  Ss/ S 
vary,  and  how  much  lower  the  shearing-strength  parallel  to  the  sur- 
face C  is  than  in  planes  A  and  B.     Tension-tests  of  rolled  plates  in 

direction  03  are  very  difficult  to  make. 

216.  The  shearing-test  is  also  made  so  as  to  produce  two 
surfaces  i  and  2,  Fig.  157.  The  body  is  said  to  be  in  s  i  n  g  1  e 
shear  when  tested  as  in  (215)^  and  in  double  shear  when 
as  just  stated.  But  this  method  does  not  obviate  bending- 
stresses.  The  division  of  forces  may  be  imagined  to  occur  as 
in  Fig.  158.  Hence  bending-moments  must  be  produced  the 
value  of  which  cannot  be  accurately  calculated,  because  the 
distribution  of  force  over  parts  a  and  b  is  not  known,  hence 
the  leverage  of  forces  cannot  be  found.  Accurate  calculation 
would  also  require  a  knowledge  of  the  friction  on  the  bearing- 
surfaces,  and  their  influence  on  distribution  of  stress. 

If  it  be  arbitrarily  assumed,  neglecting  friction,  that  forces 
are  uniformly  distributed  over  a  and  b  (actually  conditions  are 
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more  favorable),  the  bending-moment  will  be  found  according 
to  Fig.  159  (body  considered  fixed  at  centre): 

This  moment  is  sometimes  sufficient  to  produce  rupture  by 
itself. 

a.  Bach  (Z  iJ7y  §  40)  made  the  following  shearing-tests  with 
cylindrical  bars  of  cast  iron  of  0.8  in.  (2.0  cm)  diam.,  arranged  as  in 

Fig-  157  : 

No.  I.  P  =  6610  lbs.  (3000  kg),  bar  ruptured  by  bending  in 

part  b.  Test  continued,  and  shearing  occurs 
actually  at  22,490  lbs.  (10,200  kg). 

No.  2,  P  -=-  6220  lbs.  (2825  kg),  bar  ruptured  as  before  ;  shear- 
ing occurs  at  21,940  lbs.  (9950  kg). 

No.  3.  jP  =  7380  lbs.  (3350  kg^,  bar  ruptured;  shearing  at  22,860 

lbs.  (10,370  kg). 

Because  of  double-shear  load,  and  the  usual  assumption  that  the 
load  P  is  transmitted  equally  to  the  two  sheared  surfaces  (which  is 
by  no  means  correct,  however),  the  shearing-strength  of  the  iron 
used  in  Bach's  tests  was  : 


P_ 


Ss*,=  —?  for  test. 


No.  I.   Ssj^f  =( =  1624  at.)  =  23870  lbs.  per  sq.  in. 

No-  -  ^s«  =  (r?^  =  ^584  at.)  =  .3^80    "      "         " 
No.  3.  S,^  =(r>ffT4  =  '6St  at.)  =  «427o    "      "         " 


Average 1620  at.   =  23810  lbs.  per  sq.  in. 

If,  from  the  measurements  of  Bach's's  apparatus  (Fig.  159), 
a    =  0.88  in.  (2.2  cm)  and  b  =  1.2  in.  (3.0  cm), 

and  from  —  =  —  2*=  0.785,  and  from  the  above  equation 
e       32 


M 


=  >+2> 
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as  also  from  £q.  17  (170),  using  ^,  instead  of  if,  the  maximum  ten- 
sion-load be  calculated,  we  shall  have 

/        4\         2/    0.785  4-0.785 

Maximum  bending-stress  in  extreme  tension-fibre  will  therefore 
be  in  test : 

No.  I.  S'm  =  52020  lbs.  per  sq.  in,  (3000 .  1.18  =  3540  at.) 
No.  2.  S'm  =  49010    "      '*       '*       (2825  .  1.18  =  3334  at.) 
No.  3.  S'm  =  58^30    "      "       "       (3350  ■  i>i8  =  3953  at.) 
or  an  average  S'm  =  53060  lbs.  per  sq.  in.  =  3609  at. 

From  tension-tests  of  the  same  bars  Bach  found: 

No.  I.   Sm  =  22930  lbs.  per  sq.  in.  (1560  at.) 

.     No.  2.  Sm  =  23310    ''      ''       "       (1586  at.) 

No.  3.  Sm  =  241 10    "      "        "       (1640  at.) 

or  average  Sm  =  23450  lbs.  per  sq.  in.  (1595  at.) 

Bach's  tests  on  the  relation  of  transverse  strength  of  cast  iron 
upon  section  (Z  /J7,  §  22,  and  Z  /j<?,  1888,  89)  showed  that 
the  transverse  strength  on  the  tension  side  of  cylindrical  bars  may 
be  determined  from  their  tenacity  as  follows  : 

S'm  =  2.12.^^1/  ; 

using  this  in  calculations,  in  connection  with  the  average  value  of 
Sjut  we  shall  have  : 

S'm  =  56000  lbs.  per  sq.  in.  (1595  .  2.12  =  3381  at.), 

which  approximates  the  average  found  from  bending-tests  S'm  = 
53060  lbs.  per  sq.  in.  (3609  at.)  with  sufficient  accuracy,  as  the  lever- 
arms  for  the  bending-moments  had  certainly  been  assumed  too 
large,  and  as  the  friction  of  bearings  had  been  neglected. 

The  ratio  between  shearing-strength  Ssj^^  and  the  tenacity  is 
formed  from  the  results  of  tests,  as  : 

^Sm      1620 

77-  = =  1.02. 

•^M  1595 

In  these  comparisons  it  must  not  be  forgotten  that  the  structure 
often  plays  an  essential  part.     This  is  easily  possible  in  the  case  of 
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test-pieces  of  cast  iron,  when  the  latter  is  of  the  kind  which  is  apt 
to  chill.  In  this  case  the  network  of  white  iron  near  the  surfaces 
becomes  more  dense,  and  this  may  occur  to  a  considerable  degree 
Yrithout  becoming  very  apparent,  so  that  the  irregular  condition  of 
structure  may  remain  even  after  turning  off  the  skin. 

That  the  ratio  between  tenacity  and  shearing-strength  is  largely 
dependent  upon  the  peculiarity  of  materials  is  strikingly  illustrated 
by  Fig.  1 60,  which  shows  the  dependence  of  tenacity,  crush ing- 
and  shearing-strength  on  the  amount  of  nickel  contained  in  an  alloy 
of  nickel  and  iron.  All  tests  of  similar  kind  were  always  made  on 
similar  bars  of  equal  dimensions. 

b.  From  the  example  given  in  the  previous  section  it  will  be 
apparent  that  the  influence  of  bending-stress  in  double  shear  cer- 
tainly depends  upon  the  relation  between  thickness  of  shear- 
blades  and  of  the  test-piece.  For  as  the  bearing-surfaces,  hence  a 
and  3,  become  smaller,  the  lever-arms  of  the  bending- moments  will 
also  decrease  If  it  is  desirable  to  adapt  the  shearing-appa- 
ratus to  any  particular  material,  and  to  arrange  it  in  such  a  manner 
as  to  produce  a  minimum  bending-moment,  the  following  method 
may  be  adopted : 

Assuming  tha  tforces  P  and  P/2  are  uniformly  distributed  over 
lengths  a  and  ^,  Fig.  159,  and  also  that  the  pressure  exerted  by 
cheeks  a  and  b  on  the  circumference  of  the  cylindrical  test-piece  is 
also  uniformly  distributed  over  the  projection  of  the  pressure-sur- 
face, we  shall  have  crushing-stress  under  the  cheeks  : 

^)  /;=  ^  when 

d  =  diam.  of  test-piece. 

The   pressure  p^  =  p' ^  may  be   raised  almost  to  the  maximum 

resistance  of  the  material,  because  deformations  of  brittle  material 
are  very  slight  up  to  rupture,  and  because  the  concavity  of  shear- 
blades  will  be  completely  fllled  in  case  of  tough  and  ductile 
materials,  after  the  yield-point  has  been  passed,  and  because  the 
crushing-strength  is  enhanced  under  these  conditions  beyond  that 
found  from  unconstrained  test-pieces.  The  shear-blades  are  of 
course  always  made  of  the  hardest  and  strongest  material  available. 
Hence   if  the  maximum  value  of  p^^p'^=z  S  .^  be  assumed  as 

equal  to  the  crushing-strength  determined  from  a  free  cube  of  the 
material,  we  shall  have 

F  =  2adS^  M  =  ddS^M  \     a  =  -. 

2 


194  A.    Resistance  of  Materials.  (216.) 

The  shearing-strength  of  the  test-piece  is,  however, 


4 


and  from  this  we  have 


F^2d^-Ss=^  bdS^M  or 
4 

,  7t       Ss  ,   Ss 

b=2a  —  -^■— -=  1.57^——. 

For  the  above-mentioned  tests  of  cast-iron  d  =  0.8  (2.0  cm)  , 
-S'jf=  23810  lbs.  per  sq.  in.  (1620  at.),  and  •S'-jf  may  be  put  at 
110,250  lbs.  per  sq.  in.  (7500  at.).  Hence  we  might  make,  under 
above  assumptions, 

^  =  2a  =  1.57  .  2  . =  0.68  cm  (.26^  in.). 

^'         7500  ^      ^       ^ 

Bach's  apparatus  had  dimensions  of  a  =  0.88  in.  (2.2  cm)  and 
b  =  1.2  in.  (3.0  cm).  If  the  bending-stress  be  calculated  according 
to  previous  principles,  we  shall  find  when  using  the  narrower  shear- 
blades,  from  the  average  force  required  in  double  shear,  §  a, 

P  =  22430  lbs.  [(10200  -f  9950  +  io37o)i  =  10173  kg], 

and  from  the  previously  determined  dimensions  : 

Hence  rupture  would  not  have  occurred  by  bending. 

c.  An  apparatus  for  making-  shearing-tests,  designed  by  myself, 
is  used  at  the  Charlottenburg  Laboratory  (Fig.  161)  (Z  14^),  in 
which  the  thickness  of  shear-blades  equals  that  of  the  test-pieces. 
The  apparatus  consists  of  an  iron  casting  in  two  parts,  between 
which  a  neatly  fitting  plunger  slides.  The  shear-blades  are  hardened 
and  ground  steel  rings  which  are  cither  fitted  directly  or  by  means 
of  bushings  in  the  blocks  and  the  plunger  in  such  manner  that  the 
middle  shear-blade  may  move  neatly  between  the  side  blades  by 
means  of  the  plunger.  The  two  hollow  nuts  of  the  cast  frame 
serve  to  adjust  the  side  shear-blades  by  hand,  so  that  they  just 
touch  the  middle  blade  without  material  friction.  Fig.  161  is  -^  nat. 
size.     The  apparatus  has  bushings  for  test-pieces  of  0.936  in.  (24 
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mm);  0.858  in.  (22  mm);  0.741  in.  (19  mm);  0.585  in.  (15  mm); 
and  0.351  in.  (9  mm)  diam.;  it  is  placed  in  the  testing-machine  as 
for  the  crushing-test,  and  is  very  convenient  for  vertical  machines. 
I  have  also  used  it  occasionally  for  shearing-tests  under  the  impact 
machine. 

3.  The  Puncbing-test. 

217.  The  procedure  of  punching  is  similar  to  that  of 
shearing,  only  that  a  cylindrical  surface  is  cut  instead  of  a 
plane. 

The  test  is  generally  made  by  placing  a  lamellar  test-piece 
A  on  3.  matrix  or  die  AT,  Fig.  162,  of  hardened  steel.  Then 
the  punch  S  of  hardened  steel  shears  out  a  cylinder  of  diameter 
d  and  length  /  under  effect  of  the  force  P. 

The  punching- strength,  i,e.,  resistance  to  punch- 
ing, is 

'        a 

m 

when  a  =  frd/y  the  area  of  surface  cut,  under  the  assumption 
that  force  P  is  uniformly  distributed  over  it.  Hence  for  a 
cylindrical  section : 

For  thin  test-pieces,  in  which  /  is  small  as  compared  with  d, 
the  punching-strength  will  be  very  nearly  equal  to  shearing- 
strength  ;  for  thick  pieces,  however,  the  procedure  is  very 
complicated. 

a.  An  idea  of  distribution  of  stress  during  punching  may  be  ob- 
tained if  it  be  assumed  that  a  thick  cylindrical  block  of  lead  is  to 
be  punched  in  the  direction  of  its  axis.  Fig.  163.  As  long  as  the 
force  P  is  not  sufficient  to  produce  shearing  of  the  cylindrical  sec- 
tion indicated  by  dotted  lines,  the  material  will  flow  under  the 
punch  S  laterally  and  upward,  and  then  mostly  in  the  direction  in 
which  there  is  least  resistance,  as  shown  by  dotted  lines  in  Fig.  163. 
It  will  be  observed  that  the  friction  on  the  surfaces  of  punch  and 
die  becomes  apparent,  and  that  it  bulges  more  close  to  the  punch 
than  at  some  distance  from  it,  because  the  stresses  in  the  body  act- 
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ing  radially  (especially  in  one  that  is  elastic)  decrease  with  increas- 
ing distance  from  the  axis,  and  finally  effect  no  further  radial  flow. 
If  the  exterior  diameter  of  the  supposed  lead  cylinder  be  very  large, 
flow  will  only  be  possible  into  the  opening  in  the  die  and  as  upward 
bulging,  because  lead  is  a  body  of  density  =  i,  and  hence  the  vol- 
ume of  the  original  body  must  be  equal  to  that  of  the  body  after 
partial  penetration  by  the  punch.  Penetration  may  occur  to  a 
noticeable  extent  only  after  the  crushing-limit  (determined  from  the 
cube)  has  been  exceeded  materially,  because  free  flow  of  the  ma- 
terial is  prevented  in  this  case,  hence  producing  in  a  certain  manner 
the  conditions  discussed  in  (^j).  If  the  stress  at  crushing-limit  of 
the  test-piece  assumed  is  S^y  under  this  method  of  loading,  appre- 

71 

ciable    flow  can  take  place   only   when  P>d^—.  S-y      Shearing 

of  the  cylinder,  however,  can  only  occur  when  the  height  jp  has  been 
decreased  to  such  an  extent  that  Spdnx<^P,  From  this  consid- 
eration it  will  be  easily  seen  that  the  exterior  shape  of  the  test- 
piece  to  be  punched  must  exert  an  influence  on  the  results  of  tests 
when  the  thickness  of  the  material  surrounding  the  hole  is  not  suffi- 
cient to  prevent  lateral  flow.  Hence  secondary  stresses  cannot  be 
prevented  in  punching-tests,  and  punching  is  not  a  simple  process. 

b.  But  as  the  punching  process,  superficially  examined,  appears 
simple,  propositions  to  use  it  regularly  for  purposes  of  inspecting 
material  were  not  wanting.  About  such  a  proposition,  made  by 
Alfred  E.  Hunt  at  the  World's  Fair  Engineering  Congress,  in 
Chicago,  1893  (Z  ^4^),  I  said  in  an  unpublished  report  : 
"Hunt  started  from  the  erroneous  assumption  that  shearing- 
strength  might  be  used  in  a  simple  manner  to  deduce  therefrom  the 
tenacity  of  low  steel  (Flusseisen),  and  therefore  recommended  the 
adoption  of  shearing-tests  to  replace  tension-tests,  under  the  claim 
of  simplicity  of  execution,  small  cost  of  testing-machine,  and  of 
preparation  of  test-pieces." 

**  It  cannot  be  denied  that  this  proposition  is  very  seductive,  for 
it  is  thus  possible  to  construct  a  portable  autographic  apparatus 
operated  by  a  hand-pump,  as  shown  in  general  by  Fig.  164.  The 
piston  K  forces  the  punch  S  through  the  test- piece  P  \  M  \s 
an  interchangeable  die.  The  pressure  in  cylinder  C  is  recorded 
by  an  indicator  on  a  paper  drum,  the  latter  being  at  the  same  time 
revolved  by  the  lever  Jf^  the  roller  r,  and  string  ^S",  operated  by  the 
piston.     Counterweight  G  returns  the  piston. 

''  It  is  not  possible,  offhand,  to  form  a  definite  opinion  about 
Hunt's  proposition  ;  the  figures  given  by  him  are  insufficient 
therefor,  and  require  amplification.  (It  has  escaped  me  what  ulti- 
mately came  of  the  proposition.)*     Conclusions  as  to  the  properties 

*  In  a  paper  supplementary  to  that  of  Hunt,  read  by  T  .  L .  C  o  n  - 
dron  before  the  Engineers'  Club  of  St.  Louis,  Mo.  (see  R.  R.  Gazette, 
Aug.  31,  1894),  the  results  of  all  of   the  investigations  are  summarized  in 
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of  materials  derived  from  tension-tests  are  hardly  admissible  when 
based  on  results  of  the  punching-test  (see  214),  Above  all  things, 
it  seems  impossible  to  derive  measures  of  elongation  and  toughness 
of  material  by  use  of  the  punching-test." 

"It  is,  however,  a  different  question  whether 
the  apparatus  might  not  be  suitable  when  used  as 
a  practical  check  on  quality  of  materials  in 
the  shop.*  In  order  to  form  an  opinion  on  this  point  the 
following  matters  must  first  be  demonstrated  :  ** 

**  All  methods  which  depend  upon  the  use  of  cutting-tools,  as  is 
the  case  in  the  shearing-test,  have  limits  of  applicability.  They  become 
inapplicable  as  soon  as  the  hardness  of  the  shears  becomes  insufficient 
to  permit  them  to  fulfil  their  functions  without  deformation.  Near 
this  limit,  in  hard  material,  there  will  always  be  doubt  about  the 
possible  influence  due  to  the  deformation  of  the  tools." 

"  But  there  are  actually  two  tools  used  in  the  punching-test,  the 
punch  and  the  die^  and  it  is  known  that  the  work  done  in  punching 
is  dependent  upon  the  diameter  of  punch,  thickness  of  material,  f 
and  relation  of  punch-  to  die-diameter.  This  relation  must,  how- 
ever, be  adopted  according  to  the  kind  and  thickness  of  material  to 
insure  greatest  economy.  Besides  these  geometrical  relations  the 
conditions  of  cutting-edges  of  punches  and  dies  must  be  considered. 
What  effect  is  produced  by  the  wear  of  these  edges  on  results  with 
identical  material  1  What  efifect  is  produced  by  greater  or  less  hard- 
ness of  punches  and  of  dies  ?  These  are  questions  which  can  only 
be  answered  by  making  multitudinous,  many  hundreds  of  tests.  It 
will  be  seen  that  the  questions  cannot  be  answered  offhand.      The 

the  following  language  :  "  Until  such  a  series  of  tests  has  been  made  it 
seems  unwise  to  present  any  very  elaborate  conclusions,  and  therefore  the 
same  will  be  deferred  till  such  time  as  will  enable  a  broad  statement  to  be 
made  concerning  whether  the  indications  of  a  definite  relation  existing  be- 
tween the  resistance  of  steels  to  punching  and  the  ultimate  tensile 
strength,  elongation  and  reduction  can  be  verified,  and  a  definite  specifica- 
tion for  punching-strength  suggested,  or  until  it  can  be  definitely  proven 
that  punching  cannot  be  looked  to  as  a  means  of  determining  the  fitness 
of  material  for  structures." 

This  conclusion,  drawn  by  one  of  Hunt's  assistants  who  actually 
made  the  tests,  shows  definitely  that  all  of  these  investigations  were  with- 
out practical  results.  Since  the  publication  of  the  above  statement  no 
further  studies  of  the  subject  by  these  investigators  have  been  reported. 
—G.  C.  Hg. 

*  In  this  respect  it  must  be  stated  that  the  Fremont  Apparatus 
and  the  Henning  Pocket  Recorders  are  very  much  simpler  and 
more  practical,  dispensing  with  hydraulic  pressure,  and  have  actually 
given  valuable  results  when  used  on  punches  and  shears. — G.  C.  Hg. 

f  From  their  shape,  when  the  hole  is  close  to  edges,  as  in  flats,  angles, 
etc. 
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points  mentioned  do  not,  however,  suffice  to  reject  all  consideration 
of  the  punching-test." 

**  If  it  is  a  question  of  obtaining  an  approximate  knowledge  of  the 
uniformity  of  material  in  an  individual  bridge-  or  boiler-shop,  the 
punching-test  may  perhaps  render  good  service  if  it  is  possible  to  so 
construct  the  apparatus  that  it  will  give  alike  results  on  identical 
material.  It  would  be  a  simple  practical  test  of  the  Hunt  ap- 
paratus to  use  it  in  tests  of  a  n  amber  of  different  grades  of  plate, 
then  to  preserve  them,  and  then,  after  making  from  1000  to  5000  or 
10,000  regular  tests,  to  again  repeat  those  of  the  original  plates. 
This  test,  in  my  opinion,  would  determine  the  practical  utility  of  the 
Hunt  proposition  more  accurately  than  a  comparison  with  the 
results  of  tension-tests  of  the  same  material,  as  was  done  by 
Hunt.  The  punching-test  cannot  replace  the  tension-test  in  any 
case,  because  it  does  not  secure  any  information  of  the  behavior  of 
material  under  tensile,  crushing  or  bending  stress." 

218.  It  can  easily  be  demonstrated  by  cutting  or  etching 
test-pieces  that  bending-stresses  are  produced  by  punching 
heavy  plate  of  wrought  iron  or  of  other  metals.  It  will  ap- 
pear to  what  extent  the  individual  layers  and  the  plug  have 
been  bent,  Fig.  165,  and  how  they  have  been  forced  laterally. 
Therefore  the  hole  is  always  somewhat  larger  than  the  di- 
ameter of  the  plug. 

219.  Experience  has  taught  that  the  work  of  punching 
decreases  and  the  hole  becomes  smoother  when  the  die  has  a 
larger  diameter,  d,  than  the  punch.  This  and  the  foregoing 
show  that  the  dimensions  of  the  apparatus  also  exert  an  influ- 
ence on  results  of  the  punching-test. 

If  it  is  desired  to  obtain  comparable  results  by  the  punch- 
ing and  shearing  tests  it  will  be  necessary  to  establish  definite 
relations  between  the  dimensions  of  the  test-piece  and  of  the 
apparatus,  and  invariably  preserve  these  during  tests.  Un- 
fortunately but  very  few  tests  have  as  yet  been  made  to  eluci- 
date this  question. 

While  referring  to  the  earlier  tests  of  H.  Tresc  a  {L  ijo, 
iji,  JS2)  [made  in  1869  et  sq.],  I  here  reproduce  the  results  of 
some  practice-tests  of  my  students,  which  were  made  with 
various  materials  under  varying  conditions.  The  results  are 
plotted  in  diagram  Fig.  166,  being  accurate  modifications  of 
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autographic  records;  only  instead  of  plotting  pressure  and 
motion  of  punch  the  axes  represent  punching-stress  S^  and 
actual  penetration  —  e^  referred  to  thickness  of  test-piece  =  i. 
The  irregularities  and  waves  in  the  curves  correspond  to  the 
fact  that  shearing  is  not  always  continuous,  but  sometimes 
intermittent.  All  conditions  of  tests  are  given  in  above  ex- 
planations of  the  figure,  so  that  I  need  add  but  the  following. 

Groups  A  and  C,  Fig.  i66,  show  the  effect  of  speed  quite 
clearly.     Increase  of  speed  of  test  requires  greater  force. 

From  group  D  the  facts  (previously  deduced  by  Tresca* 
from  his  early  tests)  that  lead  at  first  undergoes  considerable 
displacement  under  the  punch,  that  the  thickness  of  punch- 
plug  is  considerably  reduced  below  that  of  original  plate,  and 
that  thickness  remains  the  same  for  same  size  of  punch,  regard- 
less of  considerable  variation  of  plate  thickness,  may  be  de- 
duced. 

A  general  examination  of  curves  in  Fig.  i66  reveals  that  in 
groups  A  to  C  stress  increases  very  rapidly  at  the  beginning, 
and  up  to  the  beginning  of  shearing,  at  which  a  maximum  is 
reached,  after  which  there  is  a  more  or  less  rapid  decrease  de- 
pending upon  the  properties  of  materials  and  the  ratio  -r  be- 
tween die  and  punch.  In  tests  of  soft  iron  the  pressure  fell 
gradually  quite  to  o,  and  punching  occurred  inaudibly.  In  case 
of  soft  copper  rupture  occurs  sooner,  before  the  punch  has 
even  advanced  a  distance  =  /.  Rupture  occurs  more  rapidly 
and  more  sudden  the  larger  d  is  as  compared  with  d^  (lines  ^ 
and  Cf  Fig.  i66)  ;  i.e.,  the  work  done  becomes  less  as  the  clear- 
ance between  punch  and  die  increases.  Rupture  occurs  in 
brass  almost  immediately  after  reaching  maximum  load,  before 
the  punch  has  descended  a  distance  =  0.3/. 

The  condition  of  surface  of  punch  affects  the  result.     The 

*  These  tests  do  not  appear  entirely  reliable,  in  so  far  as  the  diagrams 
given  by  Tresca  invariably  show  considerable  resistance  (even  in  case 
of  lead)  even  at  the  moment  of  shearing. 
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following  tabulation  elucidates  the  above,  and  also  the  effect  of 

ratio   -y      The  results  stated  were  obtained   from   annealed 
a 

brass  plate  of  0.156''  (0.40  cm)  thick,  and  by  use  of  punches  of 

d  =  0.78"  (2.00  cm)  with  flat  and  sphero-concave  punches.  The 

dies  were  of  d^  =  0.784''  (2.01   cm),    0.819"  (2.10  cm),    and 

d 
0.856"  (2.20  cm);  and  hence  ratios  j=  1.005,  i'050,  and  i.ioo, 

while  the  proportion  of  ^  =  0.20.     It  was  found  that : 


•T  =  1.005  1.050         I.IOO 

a)  flat  punch  S^m  =  2830  2770       .  2570  at. 

6)  concave  punch     S^Af  =  2590  2510         2360  at. 

relation  lor  Af=:  100  =      92  91  92 

d, 
and  if  ratio  -j  =  1.005  be  made  =  100  we  shall  have  the  de- 
crease of  stress  under  increasing  -^  : 

J  =  1.005  1.050  I.IOO 

a)  flat  punch  S^m  =    100  98  91 

d)  concave  punch    S^m  =   100  97  91 

4.  Shearing  and  Law  of  Similarity. 

220.  It  was  found  in  the  previous  sections  that  the  dimen- 
sions  of  test-pieces  and  of  the  apparatus  affected  the  results  of 
shearing-test.  It  is  therefore  necessary  to  establish  standards 
if  uniform  and  directly  comparable  values  are  to  be  obtained 
by  tests.  Unfortunately  the  laws  governing  these  effects  have 
been  investigated  but  very  little.  It  can,  however,  be  stated 
offhand  that  the  law  of  similarity,  repeatedly  referred  to,  also 
applies  for  shearing  and  punching. 
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According  to  the  law  of  similarity, 
the  forces  required  for  shearing  or 
punching  bodies  A  and  A^,  made  of 
identical  material  and  being  geometri- 
cally similar,  will  be  proportional  to 
the  surfaces  to  be  sheared. 
In  Fig.  167,  according  to  assumption : 

If  5^  is  to  be  =  SsSs^  then  must : 

P      ^       P,  P       a       I  ^  b        t 

-  =  ^5  =  --,     or    -j^  =  -  =  -,  or,  because   j-^-Tf 

'a        b    t        l" 
--  =  T-.T  =  7?     and 

P      f 

The  forces  to  be  applied  are  as  the  squares  of  the  plate 

b 
thicknesses.    It  should  not,  however,  be  forgotten  that  r-  must 

=  -.      As  the  same  observation  may  be  applied  to  the  punch- 

ing-test  (curvilinear  instead  of  rectilinear  shear),  the  diameter  d 
of  punch  must  bear  a  certain  ratio  to  thickness  /  of  plate ;  i.e.. 
Stresses  S^  will  be  identical  for  the  same 
material  and   dififerent  diameters  of  punch,  rf, 

as  long  as  ration  remains  constant. 

221.  As  various  conditions — such  as  external  dimensions 

of  test-piece,  ratio  of  die  to  punch  y,  shape  of  end  of  punch, 

hardness  of  punch  and  die,  etc. — have  considerable  effect  on 
results  of  test,  only  such  results  may  be  corhpared  directly 
which  have  been  made  by  use  of  apparatus  which  comply  with 
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the  law  of  similarity.  Verification,  by  actual  test,  of  the  degree 
to  which  all  other  conditions  of  test  not  enunciated,  but  con- 
tained in  the  law,  may  be  made  to  fullfil  the  requirements, 
must  also  be  had. 

In  order  to  satisfy  the  requirements  of  the  law  of  similarity, 
I  constructed  the  shearing  apparatus,  previously  shown  in  Fig. 
161,  for  shearing  cylindrical  bodies.  In  this  the  thickness  of 
sheer-blade  is  always  equal  to  the  diameter  of  the  test-piece. 

The  requirements  of  the  law  of  similarities  are  moreover 
readily  complied  with  by  adopting  a  definite  relation  of  /  :  / 
between  the  length  and  thickness  of  the  test-piece,  in  case 
of  rectilinear  cut  and  parallel  shearing 
edges,  which  are  the  rule  in  testing  materials.  The  adop- 
tion of  a  definite  relation  of  /  :  /  =  5  or  10  is  to  be  highly 
recommended  for  testing  materials,  or  the  ratio  used  is  at 
least  to  be  stated  in  all  reports  of  results  of  tests. 

222.  I  have  built  the  apparatus  shown  in  Fig.  168  *  for 
p  u  n  c  h  i  n  g-t  e  s  t  s,  and  it  has  given  entire  satisfaction  at 
the    Charlottenburg    Laboratory. 

The  lower  casting  A  is  provided  with  the  hardened  steel 
ring  B^  which  forms  the  die  on  which  the  test-piece  is  placed. 
The  punch  C  fits  in  the  plunger  D.  In  order  that  the 
punch  be  accurately  concentric  with  the  die,  the  plunger  D  is 
guided  by  the  casting  E^  which  is  guided  by  the  two  lateral 
dowel-pins  passing  through  casting  A.  Besides  these  there 
are  four  bolts  by  which  A  and  E  and  the  test-piece  may  be 
firmly  clamped  together;  this  arrangement  is,  however,  but 
rarely  used. 

Punch  and  die  are  removable.  Punches  of  diameters 
//=o.4  in.  (i.o  cm),  0.6  in.  (1.5  cm),  0.8  in.  (2.0  cm), 
I  in.  (2.5  cm),  1.2  in.  (3.0  cm),  and  1.6  in.  (4.0  cm)  with 
flat  ends  are  provided ;  besides  these  there  are  punches  with 


*  The  apparatus  used  by  T re  sea  as  early  as  1863  is,  however,  quite 
lilar  to  this  in  detail. 
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convex  ends  of  R  =  2d  in  use.     For  each  punch  there  are 
three  dies  of  the  following  diameters  of  upper  ends  of  holes: 

of  d^  =  1.005^;   =  1.050^;  and  =  i.ioorfl 

If  the  diameter  of  punch  be  selected  with  relation  to 
thickness  of  test-piece,  the  devices  provided  will  permit  the 
use  of  an  almost  constant  relation  d/t  as  required  by  the  law 
of  similarities. 


f.  Besistance  to  Impact. 

1*  Drop-tests — General  Arrangement. 

223.  The  types  of  tests  previously  described  were  always 
supposed  to  be  carried  out  by  application  of  steady  loading 
acting  very  slowly.  In  machine  construction,  in  railroad 
service,  and  on  many  other  occasions  there  are  frequent  cases 
in  which  the  material  is  subject  to  forces  applied  very  rapidly, 
and  in  fact  to  impact. 

Some  materials  behave  very  differently  under  effect  of 
loads  applied  steadily  or  suddenly.  Bars  of  pitch,  sealing- 
wax,  glass,  etc.,  may  be  loaded  quite  heavily  when  loads  are 
applied  steadily.  Pitch  and  sealing-wax  of  course  rupture 
under  very  small  loads  if  long  applied;  under  this  condition 
they  are  very  ductile  and  tough,  but  very  slight  impact 
suffices  to  crush  them  without  any  noticeable  elongation  or 
distortion.  The  material  of  a  rail  may  give  very  satisfactory 
results  when  subjected  to  tension  or  transverse  tests  under 
steadily  applied  stress,  but  very  unsatisfactory  under  impact. 
For  this  reason  it  has  before  this  been  customary  to  test  rails 
and  other  material  by  impact.  Only  after  the  tension-test 
had  been  very  generally  introduced,  the  drop-test  was 
frequently  omitted ;  latterly  it  has  again  been  more  largely 
appreciated. 

224.  Drop-tests  are  made  in  so-called  impact  ma- 
chines, in  which  heavy  weights,  guided  by  vertical  rails, 
are  allowed  to  drop  on  the  test-piece  in  such  manner  as  to 
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produce  crushing  (bulging),  rupture  by  tension, 
bending,  torsion,  shearing,  punching,  etc. 
The  test  is  usually  made  either  on  specially  prepared  test- 
pieces  of  simple  shape,  or  on  parts  of  struc- 
tures  (axles,  tires,  rails,  etc.). 

2.  Impact  Machines. 

225.  Tests  made  on  impact  machines  very  soon  show^ 
that  methods  of  supporting  test-pieces,  the  masses  of  the 
apparatus,  and  many  other  matters  influence  the 
results  of  tests  very  appreciably,  and  that 
different  results  may  be  obtained  with  different  machines 
under  like  conditions  of  tests.  Just  as  it  is  necessary  to  cali- 
brate all  testing-machines  frequently,  and  to  observe 
definite  principles  of  con  st  ruction  of  all 
apparatus  if  they  are  to  produce  com- 
parable results,  this  is  also  the  case  ia 
impact  machines,  only  to  a  greater  degree. 
After  considerable  arbitrariness  prevailed  in  this  matter  for  a 
long  time,  the  '^Conferences  for  Unification 
of  Standard  Methods  of  Testing"  at  Dresden 
in  1886  {L  128^  p.  9)  first  laid  down  principles  which  should 
be  embodied  in  every  impact  machine  to  insure  comparable 
results.  The  ''Association  of  German  Railway 
Managers"  has  essentially  adopted  these  principles  for 
the  construction  of  those  imoact  machines  which  are  to  be 
used  for  making  the  prescribed  drop-tests  during  inspection 
of  railway  material. 

236.  As  it  can  be  foreseen  that  the  instructions  of  the 
**  A  s  s  o  c  i  a  t  i  o  n  of  German  Railway  Man* 
agers"  will  be  gradually  generally  adopted,  the  funda- 
mental conditions  to  be  fulfilled  by  an  impact  machine  shall 
be  here  given  in  accordance  with  these  instructions;  they 
shall,  however,  be  supplemented  by  the  resolutions  of  the 
above-mentioned  conferences.     In  order  to  be  able  to  iden- 
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tify  the  following  directions  as  to  their  origin,  those  adopted 
by  the  Railway  Managers  shall  be  followed  by  R,  while  sup- 
plements, taken  from  **  Resolutions  of  Conferences,"  shall 
be  followed  by  C. 

1.  The  complete  design  of  a  standard  impact  machine  is 
not  to  be  prescribed,  but  only  those  parts  are  to  be 
defined  which  may  influence  the  results  of  tests.  It 
is  recommended  to  construct  the  frame  of  the  ma- 
chine of  iron  (low  steel)  and  to  erect  it  under 
cover.     C. 

2.  Standard  drop-weight  ball  is  to  weigh  2200  lbs.  (1000 
kg);  1 100  lbs.  (500  kg)  is  to  be  permissible  excep- 
tionally.     C. 

The  ball  shall  weigh  from  1320  lbs.  (600  kg)  to  2200 
lbs.  (1000  kg)  for  testing  rails,  axles  and  tires,  and  440 
lbs.  (220  kg)  for  wheel-centres.  (1760  lbs.  (800  kg) 
is  recommended  by  others  for  locomotive  axles.)     R, 

3.  The  ball  may  consist  of  cast  iron,  cast  or  wrought 
steel.  Its  shape  is  to  be  such  that  its  centre  of 
gravity  be  as  low  as  possible.      C. 

4.  The  axis  of  the  ball  must  coincide  with  that  of  its 
guides.     R.  C. 

5^.  Special  marks  on  the  anvil  or  base  are  to  indicate  the 
axis  of  machine.     C, 

6.  The  ratio  of  length  of  guide-cheeks  to  width  between 
guides  shall  exceed  2:1.      C, 

7.  The  guides  are  to  be  made  of  metal,  e.g.  rails,  arid 
are  to  be  so  designed  that  the  ball  has  but  slight 
play.     Lubrication  by  graphite  is  recommended.      C 

8.  A  special  tup  of  hammered  steel  is  to  be  fitted  con- 
centrically with  axis  of  ball  on  the  anvil,  by  dovetail 
and  wedge.  Special  marks  shall  indicate  fulfilment 
of  this  requirement.      C 

9.  The  surface  of  striking-block  is  always  to  be  plane; 
hence  filling-pieces  of  proper  shape,  and  having  an 
upper  flat  surface,  are  to  be  fitted  to  the  pieces  to  be 
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tested,  in  all  such  cases  as  rails,  axles,  tires,  springs^ 
etc.  These  riders  should  be  as  light  as  possible.  C. 
Reason:  The  same  ball  with  plane  face  is  to  be 
used  in  every  case,  with  regard  to  simplification  of 
devices  for  the  impact  machine,  and  a  single  rectifica- 
tion of  the  weight  of  ball  as  under  19  and  20.     C. 

10.  The  hammer-face  of  tup  is  to  be  rounded  off  to  a 
radius  of  not  less  than  6  in.  (15.0  cm);  in  case  of  tests 
of  tires  the  tup  is  to  strike  upon  the  centre  of  a  rider 
made  to  fit  the  tire  and  having  a  flat  upper  surface, 
its  weight  not  to  exceed  44  lbs.  (20  kg).     R. 

11.  When  publishing  results  of  tests  or  writing  certificates 
of  acceptance  the  shape  of  riders  used  must  be  accu- 
rately stated.     C 

12.  The  release  or  clevis  for  the  ball  shall  be  constructed 
in  such  manner  that  it  does  not  affect  the  free  fall  of 
the  ball.     R. 

The  device  shown  in  Fig.  169  is  especially  recom- 
mended.    C 

A  device  which  prevents  the  accidental  release  of 
ball  when  at  any  height  shall  be  provided.     R. 

13.  The  weight  of  anvil  and  base  shall  be  at  least  10 
times  that  of  the  ball.      C. 

The  weight  of  anvil  and  base  shall  be  at  least  10 
tons  gross.  This  base  shall  consist  of  a  single  block  of 
cast  iron.     R. 

14.  The  foundation  shall  be  inelastic  and  a  solid  masonry 
monolith,  whose  dimensions  depend  upon  the  space 
available,  R^  C,  but  the  height  of  which  shall  be  at 
least  39  in.  (i  m).     R. 

15.  The  bearing-blocks  for  the  test-piece  are  to  be  rigidly 
secured  to  the  anvil  by  wedges,  etc.     C,  R. 

16.  Guards  are  to  be  provided  which  will  prevent  rails^ 
axles,  and  tires  to  leave  their  bearings  after  impact, 
without  restraining  free  motion.     Provision  must  be 
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made   for   holding  tires   in    proper   position    during 
impact.     R, 

17.  Impact  machines  up  to  20  ft.  (6  m)  drop  deserve 
greater  confidence  than  those  of  larger  drop;  it  is 
therefore  recommended  that  new  machines  do  not 
exceed  20  ft.  (6  m)  drop.     C. 

18.  The  vertical  scale  for  reading  height  of  drop  of  ball 
shall  be  movably  fixed  on  the  guides,  and  the 
moment  of  impact  shall  be  stated  in  meter>kilograms 
(A  X  W^=  height  of  drop  X  weight  of  ball)  [or  in 
foot-pounds  in  the  United  States  and  England].  The 
height  of  drop  of  ball  is  to  be  adjusted  after  every 
blow  to  the  deflection  of  test-piece.     R, 

When  using  balls  of  different  weights  it  might  be 
more  practical  to  assume  the  height  in  meters  (centi- 
meters), because  then  the  same  scale  may  be  available 
in  every  case.  Attention  is  called  to  the  multiplicity 
of  weights  of  balls  prescribed  by  R  under  2. 

19.  Every  standard  impact  machine  is  to  be  cali- 
brated.    C 

It  is  by  no  means  impossible  that  impact  machines 
constructed  with  greatest  possible  care  may  neverthe- 
less give,  for  unknown  reasons,  incorrect  eflects. 
Comparable  results  can  alone  be  obtained  when  fric- 
tional  resistances  are  allowed  for  or  equilibrated.     C. 

20.  The  following  methods  may  be  adopted  for  determin- 
ing the  effective  weight  of  ball: 

a.  A  spring-balance  of  sufficient  capacity  is  attached 
between  the  ball  and  clevis,  and  the  effec- 
tive weight  of  ball  is  read  while 
slowly  descending.  Thus  the  weight 
of  ball  less  the  friction,  and  during 
ascent  the  weight  of  ball  plus  the  fric- 
tion,  are  determined. 

/3.  The  weight  of  ball  is  determined  from  its  effect 
during  a    single  blow  of   definite   drop   on 
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a  standard  copper  cylinder  placed  truly  centrally, 
and  made  from  the  best  stay*bolt  copper,  of  a 
definite  shape,  still  to  be  determined,  and  of 
definite  weight.     C 

21.  Such  standard  copper  plugs  shall  also  be  used  for  the 
relative  comparison  of  different  impact  machines,  for 
calibration.     C. 

(The  Royal  Testing  Laboratory  at 
Charlottenburg  furnishes  such  standard  plugs 
upon  application.) 

22.  Impact  machines  in  which  the  work  of  friction 
between  guides  and  ball  exceeds  2^  of  the  work  of 
impact  of  ball  are  to  be  discarded.     C. 

227.  Kick  (Z  /oo,  p.  loi)  used  a  ballistic  im- 
pact machine  for  the  purpose  of  making  scientific 
tests;  its  construction  is  fully  shown  in  the  reference.  Its 
principle  is  the  following:  The  ball  B  and  anvil  A^  Fig.  170, 
are  supported  by  wires  ac  and  bd  from  the  ceiling,  in  such 
manner  that  both  can  pendulate  over  the  graduated  arcs  Ma 
and  Mb.  The  suspension  is  so  arranged  that  lateral  oscilla- 
tions are  precluded,  and  screw-couplings  ee  permit  adjustment 
of  positions  of  A  and  B  so  that  both  swing  in  one  axial  plane. 
For  purposes  of  test,  the  test-piece  is  attached  to  the  anvil, 
and  the  ball  is  withdrawn  by  a  string  until  a  pointer  moving 
with  the  ball  over  the  scale  Mb  indicates  the  desired  drop. 
The  ball  is  released  by  burning  the  string  F^  thus  causing  it 
to  drop  without  any  lateral  motion.  A  part  of  the  work 
stored  in  B  is  absorbed  by  deformation  of  the  test-piece; 
another  is  transferred  to  the  anvil  Ay  in  which  it  produces 
certain  motion  which  can  be  read  off  on  scale  Ma. 

228.  I  constructed  several  small  impact  machines  for  the 
Charlottenburg  Testing  Laboratory  having 
balls  weighing  from  I  lb.  to  440  lbs.  (i-200  kg).  The 
smallest  of  these  machines  has  a  guide  which  consists  of  a 
drawn-iron  tube  in  which  the  ball  of  steel  having  an  exceed- 
ingly hard  striking-surface  is  raised  by  means  of  a  string,  and 
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then  supported  in  position  by  a  pin  inserted  in  holes  in  the 
tube,  which  when  withdrawn  permits  the  ball  to  drop  from 
the  desired  height.  The  small  apparatus  shown  by  Fig.  171 
was  originally  intended  for  comparative  tests  of  hardness  of 
lead  shot,  but  has  since  been  used  for  many  purposes. 

329.  Another  somewhat  larger  impact  machine  serves 
for  tests  of  building-stone,  flags,  roofing-stone,  strawboard, 
etc.  It  is  equipped  with  pear-shaped  balls,  dropping  free, 
weighing  from  i|^  to  11  lbs.  (1-5  kg).  The  stones  are  bedded 
on  dry  sifted  sand;  the  strawboard  is  nailed  on  a  wooden 
frame. 

230.  An  impact  machine  of  about  15  ft.  drop,  having 
balls  of  44  to  220  lbs.  (20--100  kg)  weight,  has  been  so  con- 
structed that  any  kind  of  impact-test  can  be  made  with  it. 
It  is  arranged  for  tension,  transverse,  crushing,  and  inden- 
tation-impact tests,  and  shearing  and  punching  tests  can  be 
made  with  it  by  use  of  the  devices  shown  in  {216)  and  {22J), 
Figs.  161  and  168.  The  arrangement  for  making  tension- 
tests*  on  this  impact  machine  consists  in  principle  of  a  block 
By  Fig.  172,  which  is  secured  to  the  anvil  A^  and  is  essen- 
tially a  frame  R  which  glides  between  the  guides  of  the 
machine.  The  test-piece  Z  is  held  by  the  upper  end  of  the 
block  B  and  by  the  lower  end  of  frame  R  by  means  of  split 
rings,  similar  to  the  method  shown  in  {70)  Fig.  27,  for  making 
tension-tests.  The  ball  G  strikes  the  top  of  frame  R,  and  this 
transmits  the  impact  to  the  test-piece,  which  transmits  it  by 
the  support  B  to  the  anvil  A. 

231.  The  following  impact-test  has  lately  been  prescribed 
by  the  German  Railway  Managers  for  wheel- 
centres  and  low  steel  disk  wheels.  The  wheel- 
centres  and  disk  wheels  are  supported  at  the  rim  on  wooden 
blocks  horizontally.  A  bushing  composed  of  four  segments, 
planed  on  inner  faces  to  a  taper  of  -j^,  is  placed  in  the  hole  for 
the  axle.     An  accurately  fitting  pyramidal  steel  plug  is  then 

*  A  similar  device  had  been  previously  used  by  Uchatius  (L  too). 
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driven  into  the  tapered  hole;  in  case  of  a  wheel  with  bore  of 
5.65  in.  (14.5  cm)  this  is  done  by  6  blows,  in  those  of  5  in. 
(13.0  cm)  bore  by  5  blows,  using  a  440-lb.  (200-kg)  ball^ 
delivered  from  successive  drops  of  (ij,  2,  2^,  3,  3 J  and  4  m) 
4.92,  6.56,  8.20,  9.84,  11.48,  13.12  ft.  The  plugs  and 
bushings  are  to  be  well  greased  and  rubbed  off  dry  before 
test. 

232.  A  fourth  impact  machine  was  constructed  by  me 
for  the  Charlottenburg  Testing  Laboratory 
for  making  impact  tests  of  wire  ropes  which  were  to  be  inves* 
tigated  as  to  the  effect  of  a  great  number  of  light  blows. 
In  this  case  the  anvil  consists  of  a  heavy  iron  frame  Ay  Fig. 
173.  The  rope  Z  is  suspended  from  it,  and  loaded  at  its 
lower  end  by  a  heavy  weight  G.  The  weight  carries  a  gas- 
pipe  Ff  which  serves  as  a  guide  for  the  ball  B,  which  is  raised 
and  dropped  about  13  times  per  minute  by  the  machine* 
Very  extensive  investigations  of  strength  of  ropes  and  rope 
connections  have  been  made  by  means  of  the  apparatus,  and 
the  results  have  been  reported  by    R  u  d  e  lo  f  f   (Z  ijj)* 

'  233.  Rudeloff  also  provided  this  machine  with  a 
device  which  served  for  comparative  tests  of  railway-track 
ballast,  and  it  answered  the  purpose  admirably.  He  sifted 
the  gravel  arid  broken  stone  to  definite  sizes,  then  placing 
them  in  boxes  with  fixed  or  movable  sides,  and  the  ball, 
having  the  shape  of  the  tamping-tool,  was  then  dropped  into 
the  ballast.  The  standard  of  comparison  used  in  this  case 
was  the  quantity  and  shape  of  reduced  ballast  after  a  definite 
number  of  blows.  The  degree  of  reduction  was  determined 
by  repeated  sifting. 

234.  The  simplest  form  of  impact  machine  (drop)  is  fre-^ 
quently  used  in  foundries  for  breaking  up  scrap  and  some- 
times for  testing  cast  iron.  For  the  latter  purpose  a  plate 
39  in.  (i  m)  square,  0.8  in.  (2  cm)  thick,  Fig.  174,  is  bedded 
on  a  bed  of  uniform  sifted  moulding-sand,  dropping  a  ball 
weighing  about  55  lbs.  (25  kg)  from  various  heights,  increasing 
it  10  in.  (25  cm)  at  each  blow.     Juengst  {L  ij^)  tested 
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cast-iron  plates  in  this  manner,  the  best  of  which  did  not 
show  signs  of  cracking  until  a  drop  of  13J  ft.  (4  m)  was 
reached,  and  failed  under  a  drop  of  ijj  ft.  (5.25  m). 

335.  The  previous  paragraphs  show  that  the  impact 
machine  of  simple  form  is  handier  and  more  readily  appli* 
cable  for  many  kinds  of  tests,  especially  for  inspecting 
materials  in  shop  use,  and  can  be  made  more  valuable  than 
the  tension-test  machine,  because  it  is  cheaper,  can  bs 
handled  more  readily,  requires  less  costly  preparation  of  test- 
pieces,  and  gives  results  quickly;  the  method  of  making  the 
tests  can  also  be  readily  modified  to  suit  special  purposes. 
For  all  of  these  reasons  it  should  be  an  object  to  secure  more 
general  introduction  of  the  impact-test  for  testing  materials. 

3.  Upsetting-  (or  Hulging-)  test. 

236.  The  upsetting-test  with  impact  machine 
corresponds  to  the  crushing-test  under  steady  load  with  the 
testing-machine ;  the  test  pieces  may  be  of  the  same  shape  as 
in  the  crushing-test.  The  difference  between  the  two 
methods  of  applying  stress  consists  essentially  in  the  speed 
of  deformation  in  the  first  case  it  is  produced  very  rapidly, 
in  the  fraction  of  a  second,  in  the  second  case  slowly. 

'  In  the  case  of  tension-test  machine  the  force  applied  and 
the  deformations  produced  thereby  can  be  measured  directly, 
and  hence  the  mechanical  work  done  during  deformation  may 
also  be  measured  directly;  it  is  absorbed  entirely  by  the  test- 
piece.  The  amount  measured  is  therefore  the  net  foot- 
pounds  of   work. 

In  the  case  of  the  impact  machine,  however,  a  large  part 
of  the  work  stored  in  the  falling  ball  is  lost,  and  only  the 
total  or  gross  work  of  the  ball  A  =  AW,  A  =  height  of 
drop  and  W=  weight  of  ball,  can  be  determined. 

It  will  be  at  once  observed  that  the  amounts  of  work  done 
during  the  two  deformations  are  not  directly  comparable. 

337*  The  practical  execution  of  impact-tests  is,  however, 
as  simple  as  that  of  crushing-test.     A  prismatic  body,  as  a 
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rule  a  cube  or  cylinder  of  length  /  =  diameter  d  or  of  pro- 

portion  /  =  o.886rf,  i.e.,  -j-  =  i  [as  was  found  applicable  in 

case  of  the  crushing-test  (/^7)]  is  placed  upon  the  anvil  and 
the  ball  is  dropped  upon  it.  The  amount  of  longitudinal 
upsetting  is  measured  as  in  the  crushing-test. 

238.  Thus  far  it  has  not  yet  been  attempted  to  deter- 
mine the  conditions  of  stress,  during  deformation  by  impact, 
mathematically,  a  problem  which,  on  account  of  the  com- 
plexity of  the  occurrences,  might  be  exceedingly  difficult.  It 
had  been  considered  sufficient  to  compare  the  gross  work  or 
impact  directly  with  the  change  of  shape  produced.  This  is 
done  best  and  most  comprehensively  by  diagrams.  These 
can  be  plotted  as  representing  the  entire  body,  hence  the 
gross  impact  A  =  Wh  in  connection  with  the  shortening  or 
upsetting  produced,  —  e^  or  the  specific  impact,  i.e., 
the  work  absorbed  by  a  unit  of  volume  or  weight 
of  the  test-piece,  compared  with  the  unit  of  length 
—  e 

Hence  when  v  =  volume  of  body  in  cubic  inches  (in  ccm) 
and  w  =  its  weight  in  lbs.  (gr),  the  specific  (work  of) 
impact: 

.A  ,       A 

t  =  —  or       J,  =  — ,     or 

V  w 

hW     ft.. lbs.  kWitAhs. 

t  = •  -. —     or      t.  = n: . 

V         cu.  m.  w       lbs. 

In  the  following  the  specific  impact  shall  always  be  referred 
to  the  unit  of  volume  when  not  otherwise  specified.  In  order 
to  convert  this  value  to  unit  of  weight  it  should  be  multiplied 

I 
by  the  reciprocal  of  the  volumetric  weight  Tp-,  hence 


^  = 


Wv 
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According  to  Fig,  175,  the    ''crushing**    will  be 

-  ^  =  /  -  /„ 
or  the  ''upsetting**: 


or  in  per  cent 

—  ei%  =[}  —  -Vjioo. 

The  index  /  shall  invariably  be  used  hereafter,  in  connec- 
tion with  all  values  relating  to  impact-test,  to  distinguish 
them  from  those  deduced  from  the  crushing-test. 

Impact  crushing-factor  if  might  be  applied  as 
in  (j^)  to  relation  between  shortening  of  unit  length  and  unit 
of  work: 

tf    =     T. 

!339.  If  a  body  having  a  density  =  i  be  tested,  it  will 
not  change  its  volume  appreciably  during  deformation. 
Hence  a  relation  exists  between  diameter  d^  (Fig.  175)  and 
the  length  /,,  which,  neglecting  the  actual  bulging,  will  be 
expressed  by 

z/ =  z/„      or     -^/V=-^//^ 

4  4    *   * 

or  when     d  =  /  =  i,      /,  =  — ; 

0.886 
when  /  =  0.886^,  /,  =  — Ti— . 

Hence  in  case  of  dense  bodies  it  suffices  to  determine  the 
upsetting  as  a  measure  of  deformation. 

240.  If  now  a  diagram  of  an  impact-test  be  con- 
structed which  is  based  on  these  ideas,  it  must  be  remem- 
bered that  but  one  point  can  be  plotted  for  each  impact,  viz.. 
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the  final  condition  assumed  by  the  body  under  this  impact. 
If  the  test  were  carried  out  by  applying  repeated  impact  of 
the  same  specific  work,  i.e.,  several  blows  of  the  ball  dropped 
an  equal  distance,  the  upsetting  produced  after  each  blow 
would  be  represented  by  a  series  of  dots,  Fig.  176.  A  second 
material  tested  under  similar  conditions  would  produce  a 
second  series  of  points,  etc.  To  obtain  a  more  comprehen- 
sive view,  these  points  are  then  connected  by  a  line  of  con- 
stant curvature  (a  curve  of  averages).  The  distance  of  the 
points  from  line  0-i  shows  the  individual  upsetting  —  ^,5^, 
and  that  of  line  AB  the  length  of  body  after  test  expressed 
in  per  cent  of  original  length. 

241.  In  order  to  evolve  the  laws  governing  deformations 
of  materials  during  impact-tests,  and  to  be  able  to  prepare 
uniform  rules  for  testing  materials  by  impact,  I  have  amplified 
K  i  c  k's  tests  {L  106)  to  a  considerable  extent.  The  results 
have  been  published  in  the  '*  Mittheilungen  a.  d.  Koenigl. 
techn.  Versuchsanstalten  zu  Berlin,"  1891,*  and  exhaustively 
discussed. 

The  laws  stated  in  following  paragraphs  may  be  deduced 
from  these  tests  and  those  of  Kick. 

a.  Effeot  of  Speed. 

243.  The  work  done  by  the  ball  is  equal  to  weight 
times  drop.  If  like  deformations  were  produced  by  like  work 
of  impact,  it  would  be  immaterial  whether 
the  impact  be  produced  by  large  weight 
and  small  drop,  or  by  a  small  weight  and 
large  drop.  In  the  first  case  the  speed  obtained  by  the 
ball  at  instant  of  impact  is  less  than  in  the  latter;  i.e.,  the 
speed  of  deformation  is  smaller  than  in  the  latter.  Actual 
test  will  readily  decide  whether  this  diflference  in  speed  has 
an  influence  on  deformations  which  becomes  practically 
noticeable;  actually,  it  certainly  exists. 

*  Reports  of  the  Royal  Techn.  Testing  Laboratories  at  Berlin,  1891. 
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Kick   demonstrated   by  his  tests  that   the  velocity  of 

impact  between  wide  limits  does  not  noticeably  affect  results 

in  case  of  certain  materials,  for  he   found  in  lead  ^  =  /  = 

0.59  in.  under  an  impact  of  12.5  ft.-lbs.  (1.77  cm  kg)  or  for 

.      /  X        ,  .         rt      ft.-lbs.  /    _  cm  kg\ 

z/  =  o.  16  cu.  in.  (2.7  ccm)  and  t  =  78.1  — : loo ^J 

^    '  ^  '  \n.      \        ccm  / 

the  following  crushing: 


Impact. 

I 

3 

3 

a.  Height  of  drop   ^    =  lo  ft.  (307  cm) ;    weight   of 
ball  w  —  1.2^  lbs  ^0.^76  kflr). 

19.3 
19.8 

35-0 
34.4 

47.0^ 
46.3^ 

d.  Height  of  drop  A  =  0.85  ft.  (26.1  cm)  ;   weight  of 
ball  w  =  1^.7^  lbs.  ^6.7^  kff^ 

The  velocit)'  at  impact,  according  to  the  common  laws  of 
gravity,  will  be  25.4  ft.  (7.75  m)  and  7.2  ft.  per  sec.  (2.2  m) 
or 

^a   :    ^*    =    3-5    ••     I- 

Under  similar  conditions  for  other  lead  cylinders  rf  =  /  = 
0.7  in.  (1.8  cm),  and  for  z  =  46.5  — '  he  found: 


Impact. 

z 

3 

3 

4 

a.  Drop   h 

* 
=  10  ft.    (307   cm) ;   V  =  25.4   ft. 

• 

151 
15. 1 

25.6 
26.5 

34.8 
35.9 

4i.8jf 
44.4^ 

b.   Drop  h 
(2.22  m). 

=  0.85  ft.  (26.1  cm)  ;    V  =   7.2  ft. 

Therefore  the  effect  of  striking  velocity  does  not  appear 
to  be  great,  although  these  tests  of  lead  and  small  specific 
impact  cannot  be  considered  as  conclusive. 


b,  UpBetting-  (Bxilging-)  test  and  Law  of  Similarity. 

!343.  According  to  the  law  of  similarity : 

like  specific  impact  should  produce 
like  upsetting  of  bodies  of  like  mate- 
rial  geometrically    similar  (see  2yy-28i\ 
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To  test  this  law  series  of  tests  of  so-called  standard  plugs 
(cylinders)  having  ^=/,  of  various  dimensions,  were  tested 
under  regularly  decreasing  specific  impact.  For  this  purpose 
I  used  rolled  brass  and  copper  plugs  having  ^/  =  /  =  0.4 
in.  (i.o  cm),  .507  in.  (i  3  cm),  0.6  in.  (1.5  cm),  which  were 
subjected  to  specific  impact  varying  from  /  =  60  to  650 
cm  kg/ccm  for  each  blow.  The  upsetting  e^  produced  is 
plotted  in  curves  Fig.  177. 

a.  The  diagrams  of  upsetting-tests  shown 
in  the  "Mittheilungen"  (Z  755)  have  been  plotted  on 
a  different  plan  from  that  adopted  here.  In  the  former  case 
the  sums  of  the  specific  impacts  ei  and  final  lengths  icx>  —  eiji 
are  correlated,  while  in  the  latter  the  upsetting  e^<f>  is  used; 
the  results  there  given  must  hence  also  be  modified  in  this 
sense.     Comparisons  are  nevertheless  easily  made. 

In  this  connection  the  combination  of  tension  and  crush- 
ing diagrams  as  previously  used  in  (5^),  Fig.  13,  drawn  in  the 
first  and  third  quadrants,  shall  be  used  for  impact-,  tension-, 
and  crushing-tests  as  well.  For  this  reason  the  curves  for 
upsetting  test  are  drawn  as  in  Fig.  176  in  the  third  quadrant. 

b.  The  adoption  of  a  definite  method  of 
illustration,  and,  as  shall  be  shown  directly,  o  f  a 
definite  selection  of  relation  of  ordinate s, 
if  indeed  not  of  scales  to  be  used,  offers  such  extra- 
ordinary  advantages  for  demonstration  and 
comprehensiveness  of  the  results  of  tests  to  be 
represented,  that  it  does  not  appear  to  me  as  an  idle  pastime 
to  now  dwell  upon  this  matter  at  greater  length  than  has 
been  done  heretofore. 

The  value  of  plotting  diagrams  having  ordinates  repre- 
senting stress  and  deformation  of  the  unit  of  length  has  been 
repeatedly  referred  to  (^o,  185),  Geometrically 
similar  bodies  of  identical  material  pro- 
duce coincident  curves  when  using  the 
same  scales  while  plotting.  This  method  affords 
the  best   means   for  exact  comparison.     Hence   there  is  a 
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Standing  order  in  the  Charlottenburg  Laboratory 
to  invariably  use  the  same  scale  whenever  this  is 
possible.  All  diagrams  are  plotted  on  cross-section  paper  of 
2.0  X  2.0  cm,  the  squares  divided  in  10  spaces  (0.8  in.  X  0.8 
in.).  [In  the  United  States  and  England  the  paper  of  i  in. 
and  iV'i^*  cross-lines  would  be  most  suitable  and  is  commonly 
used. — G.  C.  Hg.]  The  sheet  is  8  in.  X  7  in.  (20  X  18  cm), 
which  is  a  very  convenient  size,  with  ample  margin.  Excep- 
tionally two  such  sheets  are  glued  together.  Students  must 
also  conform  to  the  same  rule.     The  scales  used  are  as  a  rule 

so  chosen  that  2  cm  for  5  =  1000  at.,  or  for  ^,  or  y  =  o.  i,  or 

for  e^  =  loj^ ;  this  proportion  of  ordinates  of 
stress  and  deformations  is  retained  as 
nearly  as  possible  when  different  scales 
of  diagrams  are  used,  and  half  or  twice  this  ratio 
is  used  only  in  case  of  very  strong  or  of  very  weak  materials. 
If  it  is  desirable  to  represent  peculiarities  of  deformations  on 
a  different  scale  in  a  more  pronounced  manner,  multiples  of 
the  original  are  used  as  much  as  possible.  If  these  rules  are 
observed,  presentable  diagrams  will  also  be  available  for 
occasional  publications,  as  photographic  reduction 
to  standard  dimensions,  without  disturbing  ratio  of  ordinates, 
is  possible.  It  will  no  doubt  be  readily  seen  that  the  general 
introduction  of  this  proposition  would  be  of  some  value, 
when  diagrams  found  in  literature  and  habitually  given,  as 
those,  e.g.,  of  low  steel,  are  recalled  to  mind.  In  Fig.  179 
are  shown  two  extreme  diagrams  of  identical  material. 

c.  The  development  of  principles  of  graphical  repre- 
sentations of  results  of  tests  may  indeed  be  carried  much 
further,  and  in  order  to  preserve  uniformity  in  this  work  the 
plan  shown  in  Fig.  180  shall  be  followed  throughout. 
Ordinates  in  direction  of  Y  shall  represent  stress  5,  St ,  and 
specific    resiliency  Af,  while  abscissae  in   direction  X  shall 

represent  deformations  ^,,  e^y  y;  if  volumetric  representation 


21 8  A.   Resistance  op  Materials.  (M3') 

(e.g.,  influence  of  chemical  composition,  amount  of  work, 
heat,  time,  etc.)  comes  in  question,  the  direction  Z  is  avail* 
able.  The  body  shown  by  broken  lines  in  Fig.  i8o  indicates 
a  volumetric  representation  of  the  relation  of  tension  and 
crushing-resistance  and  a  third  property.  In  this  case  valid 
reasons  for  representation  of  crushing  in  the  third  quadrant 
necessitated  the  adoption  of  negative  representation  of  the 
law  of  deformation  during  crushing. 

rf.  In  order  to  show  the  results  obtainable  by  this  method 
of  representation,  Figs.  iSi  to  183,  being  photographic  repro- 
ductions of  some  of  the  models  in  the  Museum  of  the 
Charlottenburg  Laboratory,  showing  properties 
of  materials,  are  here  given. 

Fig.  181  represents  the  variation  of  tenacity  of  Martin 
steel  caused  by  increasing  carbon  contents  Fig.  182,  the 
variation  of  bending-resistance  of  similar  material  caused  by 
increasing  manganese  contents.  Fig.  183  represents  the  law 
of  variation  of  elongation  due  to  increment  of  stress  ^S  = 
100  at.  of  hard-drawn  copper  wire  under  the  annealing  effect 
of  temperatures  varying  from  0-500**  C. ;  the  sudden  transi- 
tion from  hard  to  soft  condition  during  annealing  at  a  tem- 
perature beween  300°  and  400°  C.  is  beautifully  shown. 

Besides  representing  the  relation  of  properties  of  materials 
to  peculiar  conditions  by  glyptic  models  (wood,  plaster,  etc.), 
I  have  frequently  used  pins  with  colored  glass  heads  to 
represent  results  of  official  tests  of  paper,  thus  obtaining 
striking  results.  The  three  ordinates  represent  rupture 
lengths,  elongation,  and  resistance  to  crumpling  and  friction, 
measured  by  length  of  needles,  and  composition  by  the  color 
of  heads.  Threads  stretched  over  the  needles  indicate 
boundaries  between  different  classes  of  paper. 

Laws  which  can  be  represented  by  lines  in  space  may  be 
illustrated  by  differently  colored  bent  wires;  colored  threads 
are  also  used  especially  to  represent  intersecting  planes,  but 
they  are  unpractical  because  they  are  dust-collectors,  become 
slack   under   hygroscopic   changes,  and    for   other    reasons. 
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Drawing  colored  lines  and  surfaces  on  consecutive  glass 
plates,  and  even  curving  glass  plates  to  the  surface  of  plaster 
models,  have  been  tried  by  other  authors  for  different  purposes. 

24:4.  The  curves  drawn  in  Fig.  177  have  been  used  in 
Figs.  184-187  to  more  clearly  illustrate  the  relation 
between  upsetting  and  the  specific  impact 
of  individual  blows.  For  this  purpose  plane  sections  at  inter- 
vals representing  1051^  of  CiiL  have  been  passed  through  the 
ideal  body  produced  by  arranging  diagrams  of  Fig.  177  of 
individual  groups  consecutively,  in  such  manner  that  the 
distance  between  individual  lines  from  the  (9-plane  (JSTF,  FJg. 
180)  is  proportional  to  the  specific  impact  for  each  blow. 
These  sections  would  be  parallel  to  the  FZ-plane,  Fig.  180. 
Fig.  184  shows  such  a  group  of  sections  for  bodies  /=i/  = 
0.6  in.  (1.5  cm)  of  rolled  brass,  struck  by  the  ball  /;  hence 
it  gives  lines  of  equal  upsetting.  It  must  be  plain  from  the 
entire  procedure  of  the  impact-test  that  these  lines  can  only 
serves  as  auxiliaries,  for,  as  fractions  of  blows  cannot  be 
given,  only  certain  points  of  these  curves  correspond  to 
actuality,  and  all  of  these  must  lie  on  the  lines  I  to  n  radiat- 
ing from  the  point  O.  These  rays  indicate  the  number  of 
blows.  By  means  of  such  a  plan  as  given  in  Fig.  184  it  is 
possible  to  determine  how  many  blows,  and  the  specific 
impact  of  each  blow,  required  to  be  applied  to  produce  a 
given  upsetting  of  the  material  under  consideration. 

245.  Curves  of  identical  upsetting  of  bodies  of  rolled 
brass  of  /=  ^=  0.6  in.  (1.5  cm),  0.507  in.  (1.3  cm),  0.4  in. 
(1.0  cm),  derived  from  curves  in  Fig.  177,  are  plotted  super- 
posed in  Fig.  185.  The  full  lines  refer  to  plug  of  d=o.6 
in. ;  the  broken  line  to  that  of  rf=  0.507  in. ;  and  the  dotted 
line  to  that  of  0.4  in.  diameter.  It  will  be  seen  from  these 
lines  that  the  same  amount  of  upsetting  will  be  produced 
either  by  one  heavy  blow,  i.e.,  one  of  great  specific  impact, 
or  by  several  light  blows,  i.e.,  each  of  small  specific  impact; 
but  the  sum  of  the  specific  impact  of  all  lighter  blows  is 
greater  than  that  of  the  heavy  blow. 
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U  nder  identical  total  impact  heavy  blows 
produce  greater  upsetting  than  light  blows. 

!346«  If  the  law  of  similarity  previously  enunciated  were 
strictly  met,  the  three  groups  of  curves  in  Fig.  185  for 
d=-  0.6  in.,  0.507  in.,  and  0.4  in.  would  coincide.  It  will  be 
seen  that  this  is  nearly  the  case  in  the  groups  for  —  e^H  = 
10,  20,  and  30^,  and  more  nearly  so  as  the  specific  impact 
of  each  blow  is  greater. 

The  deviations  from  this  law,  which  may  be  assumed  to 
be  generally  strictly  correct,  may  be  laid  to  the  apparent 
effect  of  secondary  conditions  of  tests.  As  previously  stated 
in  {236)^  a  part  of  the  impact  of  the  ball  is  invariably  lost,  and 
this  portion  is  variable.  It  depends  upon  the  magnitude  of 
the  impact,  the  striking  velocity  of  ball,  and  upon  the 
properties  of  the  material  tested,  and  these  vary  with  the 
amount  of  deformation.  This  can  be  readily  perceived  by 
noting  the  behavior  of  the  ball  immediately  after  impact. 
In  tests  of  lead  the  ball  remains  almost  dead  or  at  rest. 
With  soft  copper  it  remains  dead  at  first,  but  begins  to  dance 
after  a  few  blows.  Lead  remains  soft  and  inelastic;  copper 
grows  harder  and  more  and  more  elastic. 

247.  The  law  of  similarity  holds  good  for  the  entire  test; 
it  may  therefore  be  extended  up  to  the  instant  of  rupture 
(Z  106).  Hence  it  may  be  said  that  under  similar  conditions 
rupture  is  produced  in  geometrically  similar  bodies  of  iden- 
tical material  by  identical  amounts  of  specific  impact.  There- 
fore this  sum  or  amount  of  specific  impact  which  is  just 
sufficient  to  produce  rupture  may  serve  as  a  measure 
of  quality  of  materials.  If  with  Kick  (Z  lo&j  the  specific 
impact  of  a  single  blow  which  produces  rupture  be  called  the 
factor  of  rupture  (Bruchfaktor)  of  the  material,  it 
may  be  said  that  it  is  a  characteristic  constant  for  the 
material  and  the  standard  shape  of  test-piece.  In  those 
materials  which  are  not  ruptured  under  impact  it  would  be 
best  to  substitute  that  specific  impact  which  produces  a 
definite    amount    of  crushing  of   the    stand- 
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ard  test-piece,  e.g.,  —  €1%  =  8oj^.  I  desire  to  propose 
the  name  of  *  *  Crushing-factor  * '  (Stauchfaktor)  for  this  con- 
ception, but  to  include  in  it  the  factor  of  rupture,  for  sake  of 
simplicity.  Hence  the  crushing-factor  is  that 
specific  impact  in  f  t.-l  b  s.  (cm  kg/ccm)  which 
when  applied  to  a  body  of  fundamental 
shape  (sphere,  cube,  standard  plug,  etc.)  in  a  single 
blow  will  either  just  produce  rupture  or 
crushing  —  ^,51^  =  8o5<. 

The  manner  and  shape  of  fracture  are  also  subject  to  the 
law  of  similarity  {L  loo)^  as  previous  discussion  has  probably 
shown,  and  will  be  confirmed  presently. 

c.  Influence  of  Shape  of  Test-piece. 

348.  Upsetting-tests  will  probably  be  used  solely  for 
purposes  of  testing  materials;  the  problem  of  testing  struc- 
tural detail  by  this  test  will  hardly  ever  arise.  This  case  has 
thus  far  occurred  but  a  single  time  at  the  Charlottenburg 
Testing  Laboratory  (L  755),  when  it  was  a  question 
of  determining  the  impact  permissible  in  driving  iron  tubes 
as  sheet-piling  without  injury  to  the  tubes. 

There  is  seldom  any  reason  for  using  any  but  the  simplest 
prismatic  shapes  when  testing  materials,  and  as  a  rule 
recourse  would  be  had  to  use  of  cubes  or  cylinders  of  /=  rf, 

or,  as  in  crushing-test,  to  cylinders  of  length  /=l/^  = 
o.886i/.  The  first  two  shall  here  again  be  called  standard, 
the  latter   proportional,    test-pieces. 

It  may  sometimes  be  necessary  to  investigate  tubular 
prismatic  bodies  by  impact;  it  rendered  very  good  services 
at  the  Charlottenburg  Testing  Laboratory  in 
case  of  comparative  tests  of  Mannesmann  and  other 
tubes. 

349.  Although  the  three  shapes  prescribed  are  to  be 
generally  used,  it  will  nevertheless  be  necessary  to  determine 
the    possible    effect    of     deviations     from     these 
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standard  shapes  on  results  of  upsetting-test.  Practi- 
cally errors  in  length-ratio  are  of  the  first  importance  in  case 
of  cylindrical  plugs. 

In  order  to  determine  this  I  made  several  series  of  tests 
of  cylinders  of  copper  and  rolled  brass  in  which  the  diameter 
^/=  0.6  in.  was  constant,  but  the  length  varied  from  0.08  in. 
(0.2  cm)  to  I  in.  (2.5  cm).  All  bodies  were  then  tested 
under  identical  impact,  i.e.,  under  equal  drop  of  the  same 
ball;  they  were  therefore  tested  under  different  specific 
impact,  depending  on  different  volume.  The  results  are 
plotted  in  Fig.  186  for  copper  and  in  187  for  rolled  brass.* 
In  the  diagrams  dotted  lines  of  equal  upsetting  of  standard 
plugs  of  identical  material  obtained  under  varying  impact  are 
plotted  above  the  full  lines,  showing  identical  upsetting  with 
different  lengths. 

The  two  curved  surfaces  conceived  as  passing  through  the 
groups  of  curves  representing  the  laws  of  deformation,  drawn 
full  and  dotted,  must  intersect,  and  the  trace  of  both  surfaces 
is  indicated  in  Figs.  186  and  187  by  the  fine  broken-dotted 
lines;  they  should  in  both  series  of  tests  be  represented  by 
a  figure  corresponding  with  the  standard  plug  ^=/=o.6 
in.,  which  is  the  case  with  sufficient  approximation  when  it 
is  considered  that  the  test-plugs  used  for  comparison  had  not 
been  cut  from  the  same  bar.  The  ideal  curved  surfaces  of 
each  figure,  in  addition  to  their  common  trace,  must  also 
contain  the  right  lines  through  O  (lines  Fand  Z,  Fig.  180) 
in  common.  For  it  is  a  fact  that  for  every  body,  of  what- 
soever kind  of  material,  no  impact  of  any  magnitude,  nor  any 
number  of  blows  of  impact  =  o,  can  produce  any  deformation 
of  the  test-piece.  The  lines  /  connecting  the  small  circles 
indicate  the  lengths  /  tested. 

The  two  groups  of  curves  in  Figs.  186  and  187  show  that 
slight  variations  of  prescribed  length  l  =  d 
do    not    make    themselves  as  much  felt  during 


*  Complete  explanations  and  values  are   to  be  found   in  the  reference 
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the  first  blows,  i.e.,  during  small  degrees  of  upsetting^ 
as  during  greater  upsetting. 

d.  Influence  of  End-siurftkses. 

350.  As  deformation  during  upsetting-tests  is  very  simi^ 
lar  to  that  during  crushing-test,  it  is  apparent  that  the  influ- 
ence of  end-surfaces  must  also  be  similar  to  that  found  in 
crushing-tests. 

In  order  to  obtain  a  knowledge  of  its  degree  I  made 
tests  with  standard  plugs  the  end-surfaces  of  which  were 
rough,  smooth,  or  oiled.  The  influence  of  friction 
was  made  undoubtedly  apparent  by  these  tests,  for  the 
upsetting  was  greater  in  case  of  test-pieces  with  lubricated 
ends  than  that  of  those  which  were  rough. 

I  do  not  here  publish  the  data  found  (L  155^  p.  26)^ 
because  they  should  be  still  further  amplified. 

e.  Measurement  of  Elastic  Upsetting. 

251.  As  it  is  interesting  to  know  the  amount  of  elastic 
deformation  during  upsetting,  it  was  attempted  to  determine 
the  elastic  and  permanent  deformations  of  cubes  of  cast  iron 
(Z  155)'  These  tests  also  require  amplification.  I  shall 
therefore  confine  myself  to  a  description  of  the  method 
adopted. 

As  previously  indicated  {2//.6),  lead  shows  exceedingly 
slight  elasticity  during  impact-tests;  it  is  not  absolutely 
inelastic,  for  lead  objects,  e.g.,  tuning-forks,  produce  a  tone, 
although  very  much  deadened. 

If  now  a  lead  wire  be  attached  to  the  body  to  be  tested 
for  elastic  behavior,  so  that  its  end-surfaces  are  flush  with 
those  of  the  test-piece,  and  the  test  be  then  made,  the  elastic 
body  will  be  shortened  more  by  the  blow  than  the  amount 
indicated  by  the  measurement  /,  after  test;  because  of  its 
elasticity  the  body  again  extends,  while  the  lead  wire  retains 
the  length  given  it  by  impact.     The    difference   be- 
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tween   the   lengths   of   the  two  bodies  gives 
the    elastic   deformation    of   the    tes  t-p  i  e  c  e. 

252.  I  shall  add  briefly  that  an  approximate  measure 
of  impact  producing  elastic  deformation,  absorbed  by  the 
test-piece  and  the  mass  of  the  impact  machine  during  each 
blow,  hence  that  amount  which  is  lost  during  production  of 
permanent  deformation  of  test-piece,  can  be  determined. 
This  can  be  done  by  measuring  the  height  of  recoil  of  the 
ball  after  impact.  It  can  easily  be  proven  that  this  resilience 
is  riot  due  to  the  test-piece  alone,  by  testing  two  equal 
pieces,  one  of  which  is  allowed  to  absorb  all  the  recoil 
impact,  while  the  other  is  removed  from  under  the  ball 
immediately  after  the  first  blow,  by  means  of  a  string  tied 
around  it.  The  first  body  will  suffer  greater  upsetting  than 
the  second,  which  is  a  proof  that  the  impact  of  the  ball 
acquired  by  dropping  from  the  height  which  it  reached  by 
recoil  is  still  sufficient  to  produce  further  permanent 
deformation.  This  could  certainly  not  be  the  case  if  the 
recoil  of  the  ball  were  produced  by  the  elasticity  of  the  test- 
piece  alone. 

/.  Fraotures. 

253.  Standard  test-pieces  of  ductile  materials  assume 
barrel-shape  during  the  upsetting-test,  and  as  a  rule  one  of 
the  types  shown  in  Fig.  188  (see  12^  and  127).  In  some 
cases  the  surface  becomes  ''crinkled**  {loS),  Clearly 
defined  streaks,  corresponding  to  the  longitudinal 
seams  of  tension-tests  {124)  parallel  to  the  axis  of  the 
test-piece,  may  be  found  on  the  mat  surface  of  non-homoge- 
neous rolled  or  drawn  material  when  worked  parallel  to  axis ; 
they  reveal  harder  and  softer  and  sometimes  more  porous 
spots  in  material.  In  some  alloys,  e.g.  impure  lead,  the 
surface  becomes  wrinkled  to  a  greater  or  less  degree,  so 
that  the  body  frequently  assumes  a  very  irregular  appearance. 
Such  appearance  generally  demonstrated  that  the  metals  did 
not  alloy. 
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Fractures  vary  according  to  the  properties  of  material. 
One  or  more  cracks  are  produced  in  fibrous  material,  as  in 
Fig.  1 88,  a  and  b.  In  granular  or  brittle  material  such  as 
cast  iron,  but  frequently  also  in  rolled  material,  cones  are 
formed  on  the  surfaces  of  impact  which  force  a  ring  out- 
wardly, frequently  breaking  it  (Fig.  i88,  c).  Many  test-plugs 
of  uniform  tough  material  show  diagonal  cracks  intersecting 
at  45°  to  the  axis  of  the  plug  (Fig.  i88,  /).  The  indications 
of  cracks  are  frequently  apparent  at  a  very  early  stage  of  the 
test,  being  preceded  by  very  shallow  diagonal  grooves  on  the 
surface.  Diagonal  cracks  are  very  marked  in  very  tough  gun- 
steel.  A  plug,  g^  Fig.  1 88,  of  this  material  was  sawed 
through  the  centre  before  the  cracks  showed  on  the  centre, 
then  polished  and  etched;  by  reflected  light  the  structure 
shown  in  g  became  apparent,  but  the  markings  were  actually 
only  visible  with  great  difficulty,  and  indicated  a  lamination 
of  the  material^  as  that  of  an  onion. 

254.  Examination  of  a  tested  plug  reveals  the  formation 
of  an  exterior  ring  or  collar  on  the  ends  struck, 
which  is  very  plainly  distinguishable  from  the  inner  cir- 
cle,^ and  d^  Fig.  i88.  This  inner  circle  corresponds 
to  the  original  end-surface,  diameter  =  ^/,. ,  of  the  test-piece; 
the  radially  marked  collar,  exterior  diameter  =  d^ ,  may  con- 
tain particles  which  were  originally  contained  in  the  shell. 

Nearly  all  of  these  phenomena  also  occur  during  crushing* 
tests.  The  type  shown  in  r.  Fig.  i88,  having  different 
diameters  of  faces,  is  certainly  not  so  plainly  produced  during 
crushing-tests. 

255.  The  type  of  phenomena  of  rupture  also  depends 
upon  the  shape  of  test-pieces. 

This  is  true  of  tests  of  hard-drawn  steel  tubes  cut  square 
with  the  axis  so  that  I  =^  d.  The  progress  of  deformation 
was  characteristically  different  for  tubes  of  different  dimen- 
sions, and  was  alike  for  upsetting-  and  crushing-tests',  so  that 
an  almost  definite  variation  of  deformation  was  produced  by 
definite  variation  of  length  of  identical  bodies.     In  spite  of  a 
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relatively  great  resistance,  which  was  in  part  accompanied  by 
low  ductility,  the  deformations  shown  in  Fig.  189  were  pro- 
duced with  but  very  slight  signs  of  failure ;  but  few  pieces  in 
their  final  shapes  showed  cracks.  Fig.  189  shows  three 
characteristic  types  of  tube  sections  of  different  thickness. 
The  results  of  tests  relating  thereto  are  given  in  a  compre- 
hensive manner  in  the  report  {L  755,  p.  40  et  seq,).  These 
tests  also  demonstrated  that  a  special  limitation  of  the  law  of 
similarities  applies  in  the  case  of  tests  of  nearly  geometrically 
similar  bodies: 

"Geometrically    similar    bodies    of 
identic  al     material     suffer     geometri- 
cally   similar     deformations    (Fig.     1 89, 
a-e)  and   equal   crushing  ^,^  under   equal 
sums  of    equal   specific    impact/* 
The  tests  in  which  the  requirements  of  this  law  of  simi- 
larities were  approximately  met  gave  closely  coinciding  dia- 
grams.    The  ratio  /:(^/— ^,)  (length  to  thickness  of  tube) 
seems  to    govern  the  shape  of  curve  and  of  deformation* 
according  to  Fig.  189,  a-c. 

g.  Method  of  Test. 

256.  Before  beginning  tests  the  impact  machine  is  to  be 
calibrated,  and  in  the  first  place  for  friction  of  guides  as  per 
rule  20  {226).  Their  coincidence  of  vertical  axis  of  ball  and 
of  base  is  to  be  verified,  and  whether  the  two  striking  sur- 
faces are  truly  plane.  The  three  examinations  may  be 
readily  made  simultaneously,  by  a  single  blow  on  a  lead  plug 
of  ample  size,  to  take  the  impressions  of  both  surfaces  com- 
pletely. From  these  impressions  the  coincidence  of  axes  of 
ball  and  of  base  are  determined,  and  measurements  of  thick- 
ness at  edges  of  four  quadrants  and  at  the  centre,  whether 
the  disk  is  bounded  by  plane  parallel  surfaces.     The  sur- 

*  Lately  the  phenomena  of  producing  folds  have  been  utilized  during 
deformation  of  tubes  during  flanging,  bj  making  the  flange  to  follow  the 
thape  shown  in  c.  Fig.  189. 
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faces  of  impact  of  ball  and  base  must  be  frequently  ground 
true,  and  hence  they  must  be  so  constructed  that  this  work 
may  be  done  accurately  and  expeditiously.  The  impact- 
surfaces  and  the  ball-guides  are  to  be  wiped  with  a  cloth  con- 
taining graphite  dust,  before  test,  to  invariably  produce  most 
nearly  uniform  conditions  of  friction. 

To  avoid  recoil  blows,  a  string  is  to  be  tied  to  the  test- 
piece,  which  is  to  be  withdrawn  instantly  after  impact ;  the 
body  is  to  be  reversed  after  each  impact,  so  that  the  surface 
struck  by  the  ball  will  rest  on  the  anvil-face  during  the  next 
blow. 

257.  I  deduced  a  number  of  rules  for  making  upsetting- 
tests  from  my  earlier  investigation  (Z  ^Jj),  which  I  here  de- 
sire to  replace  by  the  following  new  propositions,  agreeing 
with  those  now  adopted  by  the  Charlottenburg  Test* 
ing  Laboratory  for  dimension  of  metal  test-pieces  for 
crushing-  and  upsetting-tests. 

Starting  with  the  cube,  I  propose  to  use  either  cubes  or 
cylinders  in  which 

n  =  iVa  z=z  I, 
and  for  the  case  of  retaining  the  standard  plug  (cylinder),  i.e., 

to  make  these  plugs  of  the  same  volume  as  those  of  cubes 
stated  in  Table  22.  This  will  simplify  the  tests  and  calcu- 
lations in  many  cases. 

Table  22  .—Dimensions  of  Test-pieces  for  Upsetting-test. 


Volumes  in  cu.  in. 


Side  of  cube  / 

J  Proportional   j/ 

<      cylinder      d 
\  Standard  plug 


Q.061 


0.1937 


0-3937 


•4449 
.4353 


.ao59 

0.488 

•9S3« 

X.6470 

3-9037 

f   •59<H 

0.7874 

•9843 

i.x8ix 

X.5748 

5904 

0.7874 

•9843 

x.x8zi 

1.5748 

.6653 

.8898 

I. I 103 

'•3347 

_i-7757_ 
1.7087 

.6778 

•8547 

X.0670 

1.2797 

7.6as 

X.9685 

1.9685 

3.3704 

a->338 
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258.  upsetting-tests  are  to  serve  for  the  determination 
of  the  upsetting  factor  {247\  Hence  it  is  attempted  to  deter- 
mine the  sum  of  specific  impact  necessary  to  produce  rupture 
or  iiii  =  80^  by  means  of  light  blows.  Heavier  blows  are 
then  resorted  to,  these  requiring  smaller  impact,  until  finally  a 
single  blow  producing  the  desired  result  is  found.  A  com- 
plete investigation  therefore  always  requires  several  tests, 
which  must  be  so  selected  as  to  determine  the  properties  of 
the  material  amply,  and  to  limit  the  labor  as  much  as  possible. 

According  to  an  earlier  proposition  the  blows  are  to  be  so 
measured  that  the  first  of  five  test-plugs  receives  a  specific 
impact  of  i/,  the  second  of  2f,  the  third  of  4/  for  each  blow. 
Suitable  values  of  a  were  given  as  follows: 

1.  Steel  of  tenacity  from  71,000  to  113,000  lbs.  sq.  in.,  « 
=  1 18.4  ft.-lbs.  per  cu.  in.  (=  1000  cm  kg/ccm). 

2.  Wrought  Iron,  Cast  Iron,  Copper  and  Alloys  of  medium 
hardness,  i  =  29.6  ft.-lbs.  per  cu.  in.  (=250  cm  kg/ccm). 

3.  Soft  metals,  i  =  2.96  ft.-lbs.  per  cu.  in.  (=  25  cm 
kg/ccm. 

The  remaining  two  plugs  are  then  to  be  tested  each  by  one 
blow  in  accordance  with  facts  determined  by  the  previous  in- 
vestigation, so  as  just  to  reach  the  upsetting  factor. 

259.  Making  a  test  according  to  this  method,  however, 
requires  a  large  number  of  blows.  Kirsch  proposed  to 
shorten  it  by  the  selection  of  different  specific  impacts  for 
each  blow,  by  using  the  above-stated  values  of  /  as  a  basis, 
denoting  the  number  of  the  blow  in  the  above  series  i,  2  and  3 
by  Z^ ,  Z,  and  Z^ ,  and  testing : 

P 1  u  g  I ,  with  increasing  impact  for  each  blow,  so 

that  the  specific  impact  will  be  derived  from  —^ '- '■ ; 

^  *^  cu.  m. 

Plug  2 ,  starting  with  specific  impact  Z^i  of  the 
last  blow  of  series  I,  with  impact  increasing  with  each 
blow  according  to  formula  Z^i  -j-  (Z,  —  1)1 ; 
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Plug  3,  starting  with  specific  impact  of  the  last 
blow  of  series  2,  with  impact  increasing  with  each  blow 
according  to  formula 

until  rupture  or  —  ^,j^  =  805^  is  produced  by  a  single 
blow. 

This  method  certainly  secures  a  smaller  number  of  blows, 
but  5  plugs  no  longer  suffice  if  the  rule  is  strictly  adhered  to. 
Therefore  I  tried  to  combine  both  methods  and  proposed 
to  the  Zurich  Conference  for  Unification  of 
Methods  of  Testing  Materials  that  the  following 
method  be  studied : 

Proposition  a.  Proposition  b^ 

Plug  I  by  Z^i  or         Z^i. 

Plug  2  by  Zfii        or        o,S^Z,i  +  (Z,  -  i)  /  {o.S^Z.t  from 

1st  series). 
Plug  3  by  Z,4i'         or         i  blow  producing  rupture  or  —  ei^ 

=  80^  (by   estimation    from   2d 

series). 
Plugs  4  and  5  i  blow  producing  rupture  or  —  ^^^ 

=  80^  (estimated  from  previous 

series.) 

In  order  to  test  the  four  propositions  I  had  a  series  of  tests 
made  with  plugs  of  different  materials  but  of  identical  dimen- 
sions according  to  each  of  the  four  methods  proposed,  and 
thus  obtained  the  results  in  Table  23,  plotted  in  Fig.  190. 

According  to  these  results  I  hereafter  recommend  the 
methods  under  C  and  D  for  upsetting-tests,  and  simplify  my 
old  propositions  for  the  values  of  i  to : 

1.  For  soft  metals  (lead,  etc.) /  =    2.96  f t.-lbs.  per  sq.  in. 

2.  For  cast  iron /=    29.6 

3.  For  copper,  bronze  and  soft  alloys  /  =    59.2      "        " 

4.  For  iron  and  stronger  metals f  =  1 18.4 


<(        it       It 
tt 

it  tt        «i 
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If  larger  values  of  i  become  necessary  in  special  cases,  it  is 
advisable  to  use  a  multiple  of  i  =  59.2  ft.-lbs.  per  sq,  in.* 

T  a  b  1  e  2  8.— Comparison  of  4  Propositions  for  Making  Upsetting-tests. 

Z  indicates  the  number  of  the  blow;  ^i  =  the  sum  of  specific 
impacts  of  all  blows  in  ft.-lbs.  per  cu.  in. 


Values  of 

t  according  to  proposition  of  A^^  will  become : 

No.  of  Plug. 

Martens 
(original). 

Kirsch. 

Martens-Kirsch, 
combined. 

A 

B 

C 

D 

I 
2 

3 

4 
5 

II 
2t 

r  i 

I  blow 
I  blow 

Zxi 

Z,i  +  (Z.-i)i 

Z,i -1- (2^-1)1 

+  (Z,  -  1)1 

etc. 

Z,i 
Zt2i 

\       ZtAi 

I  blow 
I  blow 

ZA 

I  blow 

I  blow 
I  blow 

Tests  'to  b< 
tion),  or  until 

\  continued  to  rupture  (cracks   or  destruc- 

-  ei%z=:  80 J6. 

Results  of  < 

CouiparatiTe  Tests  demonstrated  tliat: 

a)  in  general : 

The  total  num- 
ber of  blows 
for  the  com- 
plete   test    is 
very  great. 

Following    in- 
structions 
conscien- 
tiously     will 
require  num- 
erous      test- 
plugs. 

Both    methods    shorten   the 
test  materially,  which  can 
be  made  with  5  test-plugs. 

b)  Test   of  low 

steel 

(Flusseisen): 

^jf  =  79.  400  lb. 

pr.  sq.  in. 
/=</  =  0.507  in. 

«     ft.-lbs. 

j  =  ii8.4 ; — : 

cu.-in. 

required: 

Required 

blows  for 

complete  test: 

55  blows 

Was  not 
determined 

Blows  required  for  the  com- 
plete test: 

15  blows 

II  blows 

Very  few  upsetting-tests  have  been  made  with  materials 
other  than  metals,  but  it  is  highly  probable  that  they  would 

*  Objection  was  made  at  the  Zurich  Conference  (1895)  because  no  de- 
finite values  of  h  and  ^were  given.  This  would  have  complicated  mat- 
ters. These  directions  also  appear  unnecessary,  because  upsetting-tests 
made  on  such  small  plugs  as  here  presupposed  would  hardly  be  made  on 
a  large  impact  machine,  because  moreover  the  height  of  drop  is  generally 
limited  very  closely  by  the  height  of  buildings  containing  them. 
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produce  valuable  information,  e.g.,  of  stone  {L  is6,  p.  50), 
bond  materials,  mortars,  etc.  Hence  definite  pro- 
positions for  making  such  tests  cannot  as  yet  be  made. 

4.  Impact  Tension-test. 

260*  Impact  tension-tests,  according  to  my  information, 
were  first  made  by  Gen.  Uchatius  of  Austria  for 
testing  materials.  They  are  very  rarely  made,  and  only  regu- 
larly in  one  case,  that  of  testing  bolts  for  fastening  armor-plate 
to  ships'  hulls.  In  fact  it  cannot  be  expected  that  scientists 
would  recommend  them  very  warmly,  because  it  will  be  very 
difficult  to  construct  an  impact  machine  for  tension-tests  in 
such  manner  as  to  make  it  easily  discernible  which  part  of  the 
impact  is  absorbed  by  the  test-piece.  The  blow  cannot  be 
made  to  act  directly  on  the  test-piece,  as  intermediate  pieces 
are  required,  which  on  one  hand  connect  the  test-piece  rigidly 
with  the  anvil,  and  on  the  other  receive  the  force  of  the  blow 
to  transmit  it  to  the  test-piece.  Hence  I  again  refer  to  {2jo) 
and  {2J2),  and  to  the  work  of  the  Charlottenburg 
Testing*  Laboratory  relating  to  impact  tests  of  wire 
rope  and  rope  connections,  published  in  the  "  Mitth.  Berlin" 

{L  iSS). 

261.  The    Ch  ar  1  o  1 1  e  ri  b  u  rg     Laboratory    has 

repeatedly  had  occasion  to  make  impact  tension-tests  of  stan- 
dard round  bars  (0.8  in  diam.,  /  =  ii.^Va)  of  low  steel  (Fluss- 
eisen)  and  bronzes.  Individual  series  of  tests  have  been  plotted 
in  Figs.  191  and  192,  in  a  manner  similar  to  that  used  in  the 
diagrams  of  impact  tension-tests  plotted  according  to  principles 
developed  in  (2^2). 

Three  series  of  tests,  a,  b  and  c,  are  plotted  in  Fig.  191, 
which  refer  to  aluminum  bronze  of  varying  compositions, 
while  Fig.  192  shows  curves  for  low  steel  (Flusseisen),  lines  ^/, 
and  the  lines  a,  b  and  c  for  bronzes  on  a  different  scale.  The 
plotting  was  done  so  that  the  heavy  lines  show  total  specific 
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cm  kff 

impact  2i  in  -*,  which  the  material  absorbed,  as  ordi- 

ccm 

nates,  and  the  elongation  ^.-^  as  abscissae  (hence  in  direction  of 
axes  A^and  F,  Fig.  180).  The  fine  broken  lines,  with  same  letters 
show  the  e^fi  for  each  blow  plotted  on  a  tenfold  scale.  They 
show  that  the  impact  tension-tests  of  bronzes  were  made  in 
three  and  two  steps,  with  different  specific  impact  for  the  blow ; 
it  is  easily  seen  that  the  effect  of  successive  blows  decreases 
within  each  group ;  the  Je^  jt  become  less,  precisely  as  in 
upsetting-tests. 

Characteristic  differences  in  the  materials  may  be  repre- 
sented  by  the  differences  in  —  ffi  (as  was  done  by  e^  in  tension- 
tests  {S4))  produced  by  the  unit  impact;  it  must,  however, 
always  be  remembered  that  these  values  depend  (as  appears 
from  the  curves  2^^,  ^)  upon  the  conditions  under  which  the 
test  was  made.  These  values  are  shown  in  Figs.  191  and  192 
by  fine  full  lines.  The  readings  obtained  from  the  curves  for 
these  values  must  be  multiplied  by  10 '3,  i.e.,  the  value  ai 

represents  —  efi  =  -' —  =  o.oooi. 

2Q2m  It  has  been  pointed  out  in  {261)  that  the  effect  of 
secondary  conditions  under  which  the  impact  tension-tests 
were  made  becomes  more  pronounced.  If,  therefore,  com- 
parable results  are  desired,  it  is  always  most  advisable 
to  use  identical  apparatus,  sections  and 
dimensions,  under  identical  conditions,  for 
it  would  be  very  complicated  and  expensive  if  it  were  neces- 
sary to  determine  the  laws  of  effect  of  each  condition  in  a 
manner  similar  to  that  done  for  the  upsetting-test.     We  may. 


*  These  diaa^rams  are  not  changed  to  — ^— ; — '-.  because  the  curve  would 

cu.  in. 

in  any  case  be  identical,  and  their  general  character  alone  is  here  con- 
sidered. The  volume  is  calculated  as  that  of  the  cylindrical  part  of  bar 
only;  in  fact  the  conical  necks  also  absorb  a  part  of  the  impact  and  show 
deformation.  The  letter  i  indicates  that  the  material  becomes  **  crinkled  "; 
^  indicates  the  beginning  of  contraction. 
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however,  draw  the  conclusion  from  the  above  that  it  does  not, 
for  example,  suffice  to  prescribe  conditions  relating  to  shape 
of  sample  and  method  of  test,  but  rather  for  each  part  of  the 
impact  machine,  if  tests  of  armor-bolts  alone  are  concerned^ 
when  it  is  desired  to  deal  with  manufacturers  on  equal  termsj 
manufacturers  would  do  well  to  make  certain  that  check  tests 
at  other  places  are  not  made  so  as  to  be  to  their  disadvantage. 

263.  The  impact  tension-tests  made  at  the  Charlot- 
tenburgTestingLaboratory  have  convinced  me  that 
changes  of  shape  are  exactly  alike  to  those  occurring  in  tension- 
tests  under  steady  load.  Indeed,  the  capability  for  deforma- 
tion of  certain  materials,  e.g.,  low  steel  (Flusseisen),  even 
under  rupture  by  a  single  blow,  is  apparently  not  affected ; 
when  rupture  was  produced  by  several  blows  elongation  was 
frequently  found  to  be  greater  than  in  tension-test.  This  ob- 
servation cannot,  however,  be  applied  to  all  material. 

264.  Phenomena  of  fracture  are  identical  in  im- 
pact tension-test  and  in  tension-test  under  steady  load. 

265.  In  case  of  impact  tension-tests  the  total  impact 
of  a  number  of  blows  of  definite  specific  impact,  producing 
rupture,  may  be  used  as  the  quality  factor.  The 
factor  of  rupture  for  impact  tension-tests,  i.e.,  that 
specific  impact  which  just  ruptures  the  test-piece,  is  still  more 
appropriate. 

5.    Impact  Transverse-test* 

a.    Method  of  Tests. 

In  General. 

!366.  The  impact  transverse  test  (commonly  called  "  drop- 
test  *')  is  one  of  the  earliest  methods  of  testing.  It  is  generally 
made  by  placing  a  bar  across  two  supports,  dropping  the  ball 
so  as  to  strike  it  at  the  centre.  The  number  z  of  blows 
required  to  produce  rupture,  or  a  definite  deflection,  or  the 
necessary  impact  sA  =  zhWm  ft.-lbs.  are  noted. 
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The  method  of  measuring  deformations  depends  upon  the 
kind  and  shape  of  test-piece.  The  deflection  d  of  beams  is 
measured  at  their  centre.  Several  methods  are  used  for  this 
purpose,  which  give  different  results. 

267.  In  the  Charlottenburg  Testing  Labora- 
tory, in  conformity  with  the  practice  of  the  custom  of  many 
public  laboratories,  Bauschinger's  method  is  used.  This 
method  (180)  provides  for  measurements  at  three  points  aa\a^ 
Fig.  193,  of  which  a  and  a,  separated  by  distance  between  sup- 
ports, and  a„  half-way  between  them,  are  marked  on  that  line 
of  the  side  corresponding  to  the  neutral  axis  of  the  bar.     The 

length  /,  of  the  chord  aa  and  the  distance  cJ,  of  the  point  <j, 

from  the  chord  aa  are  measured  by  a  three-legged  compass. 

268.  It  would  better  agree  with  the  theory  of  resistance  of 
materials  if  the  second  method  of  measurement  were  used,  and 
taking  the  same  measurements  on  points  c  c  above  the  bearing- 
points,  so  that  the  length  of  chord  cc  would  remain  =  /,  and 

the  distance  d  of  point  a^  from  the  chord  cc  be  measured. 

But  as  the  bearings  must  never  have  sharp  edges,  because 
they  would  be  worn  off  rapidly  or  might  injure  the  test-piece, 
the  bearing-length  is  constantly  decreased  during  deflection, 
and  in  proportion  to  the  rounding  of  the  bearings,  as  shown  in 
Fig.  194.  Hence  this  second  method  would  not  give  results 
agreeing  closely  with  theoretical  considerations.  Moreover 
measurement  of  deflection  loses  practical  value  for  the  con- 
structor as  permanent  deformation  becomes  more  pronounced. 

For  purposes  of  judging  of  material,  which  can  never 
be  anything  but  comparative,  the  error  committed  is  of  less 
importance;  it  is  only  essential  that  the  same  method 
has  been  i  n  variably  used. 

Hence  the  following  two  simpler  methods  are  used  in 
routine  work. 

269.  In  the  first  method  a  straight-edge  of  length  /  is 
placed  upon  the  upper  surface  of  test-piece,  its  ends  touching 
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points  ^/^/,  Fig.  193,  and  distance  d,  is  measured.  Occasionally 
two  knots  in  a  string  denoting  the  distance  /  are  placed  above 
dd^  and  the  distance  6^  from  the  surface  of  bar  is  then  meas- 
ured. Railway  managements  prescribe  the  use  of  a  straight- 
edge carrying  a  slide  at  its  centre  by  which  <y,  is  indicated. 

270*  In  the  second  method  the  points  b  b  mark  the  length  I 
on  the  straight  bar,  and  deflection  d,  is  then  measured  from 
a  string  passing  through  them. 

When  not  otherwise  stated,  measurements  of  deflection 
given  in  this  book  have  been  made  by  the  method  in  {267), 

Testing  Railwaj  Material. 

271.  Since  railways  have  again  returned  to  the  use  of  the 
drop-tests  (impact  transverse  tests)  they  have  assumed  greater 
importance,  and  hence  the  rules  adopted  by  the  German  rail- 
way managements  for  making  drop-tests  for  testing  road  ma- 
terial and  rolling  stock  shall  be  here  reproduced.  The  essen- 
tial instructions  are  about  as  follows : 

1.  The  source,  the  material,  the  general  dimensions  and 
cross-section  of  the  body  are  to  be  accurately  stated. 

2.  For  rails  /=  i  m  (3.28  ft.),  total  length  Z,  =  1.3  m 
(4.26  ft.)  (the  test-piece  is  not  to  have  any  splice-holes) ;  for 
axles  /  is  to  be  =  1.5  m.  (4.42  ft.). 

3.  Deflection  of  axles  and  rails  is  to  be  measured 
from  the  upper  surface,  and  always  in  relation  to  original 
distance  between  bearings  [as  in  {268)  ].  In  order  that  the 
test-piece  remain  uninjured  the  riders  are  pro- 
vided {226^  No.  9)  with  a  planed  groove  1.3  cm  (0.50  in.)  in 
width,*  Fig.  195.  A  beam-compass  with  a  middle  leg  having 
a  vertical  slide  divided  into  millimeters  is  recommended  for 
measurements.  Measurements  shall  be  made  after  each 
blow. 

4.  In  impact-tests  of  rails  blows  of  I5cx>,  iocx>  or  750  mkg 
(10,800,  7200  and  6400  ft. -lbs.)  are  used  for  rails  exceeding  48 

*  Specifications  for  rails  of  1896  no  longer  mention  this  groove. 
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lbs.  per  yd. ;  from  48  to  40  lbs. ;  and  of  32  lbs. ;  for  axles  im- 
pact of  about  21,650  ft.-lbs.,  blows  are  always  to  be  given  on 
the  same  side  of  test-piece.  (Formerly  it  was  customary 
to  reverse  the  piece  after  each  blow.) 

Locomotive-axles  are  tested  under  39,750  (23  ft.  X  1760 
lbs.)  (5600  mkg  =  7  m  X  800  kg),  tender-axles  under  30,280 
(23  ft.  X  1320  lbs.)  (4200  mkg  =  7  m  X  600  kg).  * 

5.  Tires  (placed  in  position  under  drop  vertically)  impact 
of  21,630  ft.-lbs,  (3000  mkg)  is  to  be  used  [and  riders  {226)  ]  ; 
after  each  blow  the  vertical  depression  and  lateral  spreading 
are  to  be  measured  on  internal  diameters  by  a  sliding  caliper 
provided  with  mm  divisions. 

6.  About  one  third  of  the  pieces  are  to  be  tested  to  rup- 
ture ;  when  necessary,  rupture  of  rails,  axles,  and  tires  is  to  be 
induced  by  nicking. 

7.  Uncommon  phenomena  of  deformations  of  test-piece 
and  of  fracture  are  to  be  minutely  examined  and  described,  as 
well  as  the  thermal  condition  of  test-piece  during  test. 

8.  Finally,  tension-tests  are  prescribed,  additional  to  im- 
pact-tests, and  the  necessary  test-pieces  are  to  be  obtained 
from  those  parts  of  the  material  tested  by  impact  which  have 
suffered  least.  Test-pieces  cut  from  tires  from  the  parts  which 
have  been  least  bent  may  be  straightened  under  slightest 
possible  heating  necessary. 

9.  In  order  to  obtain  a  knowledge  of  stress  and  deformation 
of  material,  spacing-lines  are  to  be  provided  before  tests  at 
points  of  maximum  deformation,  by  which  extensibility  and 
crushing  are  to  be  determined.  Hence  in  rails  centimeter 
divisions  are  to  be  marked  off  on  the  heads,  at  their  centre, 
Fig.  196.  After  test  the  extension  and  crushing  is  to  be  de- 
termined from  measurements  of  a^  b  and  ^,  etc.     The  half-inch 


*  In  this  case,  differing  from  the  principle  adopted  elsewhere,  the  fac- 
tors ^and  fV  Skve  adopted  instead  of  the  impact,  and  in  such  manner  that 
balls  must  be  interchanged  when  tests  of  locomotive  and  tender  axles  are 
to  succeed  each  other. 
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groove  of  the  rider  (Fig.  195)  is  also  intended  to  protect  this 
spacing.  **•• 

d.  Phenomena  of  !Flow  and  of  Bupture. 

272.  Superficial  phenomena  of  flow  become  ap- 
parent in  the  bending  or  impact-bending  test  after  passing  the 
yield-point,  similar  to  those  noted  in  the  tension-test  .As  the 
material  is  stressed  above  the  yield-point  in  the  transverse  test 
only  in  a  local  manner  near  the  point  of  maximum  stress,  it  is 
often  possible  to  obtain  an  accurate  indication  of  distribution 
of  stress  by  careful  observation  ;  causes  of  rupture  of  parts  of 
structures  may  frequently  be  determined  by  the  appearance  of 
stress-lines  at  the  fracture.  Although  studies  of  phenomena 
of  flow  have  been  by  no  means  concluded,  it  appears  advisable 
to  call  attention  to  these  occurrences  to  stimulate  further  de- 
velopment (L  I20y  122). 

213.  When  a  polished  bar  of  soft  low  steel  (weiches  Fluss- 
eisen)  suffers  permanent  deflection  it  becomes  cov- 
ered with  flaming  branched  figures,  Fig.  197,  of 
semicircular  shape  or  patches.  These  figures  approach  each  other 
at  the  neutral  plane,  where  a  strip  generally  several  millimeters 
in  width  (more  than  i  in.)  remains  unaffected,  being  an  indica- 
tion of  the  fact  that  the  stress  near  the  neutral  plane  does  not 
reach  the  yield-point  during  great  deflection  (Plate  2,  Fig.  41). 

724.  In  case  of  rails  and  other  bars  still  covered  with 
mill-scale,  as  well  as  in  tension-tests,  the  scale  is  shed  at 
the  points  where  yielding  occurs.  Flow  of  metal  may  some- 
times be  very  clearly  traced  on  such  pieces,  Fig.  198.  These 
two  circular  patches  appear,  but  curved  radiating  lines  also 
occur  in  the  cusps,  which  are  crossed  by  other  lines  normal  to 
them  (Plate  2,  Fig.  42).  These  lines  give  an  indication  of  the 
patches  and  prove,  as  has  already  been  shown  in  tension-tests 

*  Rail  Specifications  of  the  Prussian  State  Railways,  1896,  do  not  con* 
tain  these  directions. 
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(to/),  that  yielding  cannot  be  continuous,  but  is  intermittent  in 
individual  areas  of  the  body,  in  which  certain  groups  of  parti- 
cles arranged  in  regular  series  suffer  relative  displacement. 
This  produces  such  regularly  arranged  lines  which  intersect 
each  other  at  RA.  The  stress-patches  were  produced  in  iden. 
tical  manner,  but  the  lines  in  them  are  so  closely  arranged  that 
nearly  all  scale  has  been  shed  when  the  last  rays  have  devel- 
oped in  the  points  of  the  cusps  {L  120), 

Closer  study  of  these  occurrences  which  follow  laws  with 
extraordinary  regularity  might  be  advisable,  particular  attention 
being  paid  to  those  kinds  of  low  steels  (Flusseisen)  which  are 
characterized  by  sudden  transition  at  the  yield-point,  shown  by 
Fig.  6  (jS),  as  distinct  from  those  which  do  not  show  this  sud- 
den change.  These  materials  should  show  characteristic  differ- 
ences of  flow.  I  only  desire  at  this  place  to  again  recall  the 
frequent  surmise  that  flow  is  related  to  physical  and  chemical 
condition  of  iron  {L  158  and  I2(S)^  It  is  remarkable  how  easily 
such  yield-patches  corrode,  so  that  the  stress-lines  are  occasion 
ally  only  revealed  after  corrosion  (/Jp). 

275.  Fracture-phenomena    and    types  of  im 
pact  bending-tests  agree  precisely  with  those  obtained  during 
bending-tests  under  steady  load.     Prismatic  bars  of  low  steel 
(Flusseisen)  show  fractures  depending  upon   structural  differ- 
ences. Cases  shown  in  Fig.  199*  are  obtained  most  commonly: 

d)  Straight  fracture  ; 

b)  Irregular  fracture ; 

c)  Triple  fracture. 

The  first  two  types  of  fracture  may  be  considered  as  modi, 
fications  of  the  third ;  compare  dotted  lines  in  Figs,  ato  c  and 
PL  2,  Figs.  27  and  28.  The  law  underlying  these  types  will 
become  still  more  apparent  upon  assembling  fracture-types 
obtained  by  impact  bending-tests  of  rails  (Z  122). 

*  Also  compare  illustrations  by  Bach  {L  138^  1886,  p.  1092,  Figs.  1-3) 
of  cast-iron. 
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Fig.  2C»  A  shows  all  usual  types  of  fractures ;  the  principal, 
shapes  are  especially  shown  in  Figs.  B  to  E.  It  will  be  seen 
that  fracture  follows  the  edges  of  stress^-patches  very  closely. 
Ideal  fracture,  as  shown  by  A,  should  consist  of  four  pieces. 
Sometinies  these  are  actually  obtained,  though  as  a  rule  one  of 
the  small  lower  pieces  remains  attached  to  one  part  of  the  rail 
a  or  by  thus  producing  the  fractures  shown  by  B  to  E,  If, 
however,  the  pieces  b  and  c  are  formed.  Figs.  B^  E  and  Z>,  it  is 
usually  apparent  that  there  was  an  effort  to  rupture  on  the 
dotted  lines.  If  rupture  occurs  clean,  across  the  section  follow- 
ing the  dotted  line  Fig.  Ay  so  that  c/2  and  d/2  adhere  to  a  and 
by  it  is  called  a  smooth  (plane)  fracture,  also  called 
**fracture  squarewithaxis'*at  the  Charlotten 
burg  Testing  Laboratory.  If  the  pieces  c  or  d  re- 
main adhering  to  a  and  by  it  is  called  irregular  fracture 
oroblique  with  axis.  A  special  form  thereof  is  shown 
by  Fig.  Dy  in  which  c/2  is  wanting  and  d/2  in  evidence.  Oc- 
casionally the  pieces  e  break  off  the  foot  or  flanges.  Fig.  /% 
which  frequently  show  checks  along  the  dotted  lines  (PI.  2, 
Figs,  31-41  and  43). 

376.  F  ractu  re-line.s,  as  found  in  tension-tests  (/-?/), 
are  found  in  all  fractures  produced  by  bending-  and  impact 
bending-tests.  They  are  most  clearly  marked  in  fine-grained 
material.  PL  2,  Figs.  27,  28  and  31  show  such  fractures  pro- 
duced by  bending-test.  It  is  seen  that,  in  this  case  also, 
the  lines  emanate  from  one  point  of  the  tension-edge  of  the 
fracture  as  in  Fig.  80,  and  radiate  across  the  entire  surface, 
ultimately  terminating  in  lines  almost  normal  to  the  fractured 
edge.  The  fractures  form  more  or  less  marked,  bent,  concen- 
tric waves ;  the  fracture-lines  are  sharper  and  more  clearly 
marked  in  the  troughs :  they  appear  to  be  split  on  the  ridges. 
The  details  of  these  phenomena  become  more  distinct  in  frac- 
tures produced  by  repetitive  tests.  They  shall  therefore  be 
discussed  more  fully  in  Section  iy  treating  of  repetitive  tests. 
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c,    EfE^ot  of  Velocity. 

277.  As  was  emphasized  in  (^^),  Kick  {L  106)  gives 
tests  from  which  he  concludes  that  velocity  of  impact  exerts 
but  an  immaterial  effect  on  magnitude  of  deformation. 

Rotter  made  several  series  of  impact  transverse  tests 
with  small  specimens,  which  may  be  used  to  study  whether 
Kick's  conclusion  also  holds  good  in  these.  Rotter's 
tests  are  plotted  in  Fig.  201.  These  tests  were  made  on  iden- 
tical test-pieces,  supported  on  a  span  of  8  in.  (20  cm),  with 
three  balls,  22,  44  and  88  lbs.  (10,  20  and  40  kg)  weight,  under 
h  =  9.8,  19.6  and  39^  in.  (0.25,  0.5  and  1. 00  m),  and  always  of 
such  number  of  blows  that  total  impact  was  equal  to  288.4 
ft.-lbs.  (40  mkg).  Deflections  d  produced  by  these  impacts  are 
plotted  in  Ay  Fig.  201.  From  these  the  curves  of  averages 
marked  A  were  derived.  These  lines  must  originate  in  o,  as 
ball  of  weight  o  produces  S  =  o.  Similarly  curves  B  are 
drawn,  arranging  them  according  to  A  and  6.  These  lines 
show  the  deflections  obtained  with  the  different  balls  by  the 
total  impact  of  A  =  288.4  ft.-lbs.  (40  mkg) ;  these  lines  must 
also  originate  in  o.  Fig.  C  (dotted  lines)  shows  the  projection 
of  the  volume  deduced  from  the  two  former  series,  and  which 
represents  the  law  deduced  from  Rotter's  tests  governing 
the  dependence  of  deflection  of  identical  bodies  produced  by 
total  impact  of  288.4  ft.-lbs.  upon  the  values  of  the  individual 
factors  If  and  JV, 

278.  Fig.  201  shows  that  effect  of  identical  impact  is 
by  no  means  the  same  under  varying  conditions  obtainable  by 
different  execution  of  test.  It  varies  with  the  weight  of  ball  and 
height  of  drop.  Moreover,  the  effect  is  not  the  same  under 
equal  impact  for  each  blow.  The  fine  dotted  hyperbolic  lines 
represent  curves  of  identical  product  H  X  IV,  i.e.,  identical 
impact  for  each  blow.  They  at  the  same  time  indicate  the 
number  of  blows  necessary  to  produce  total  impact  of 
288.4  ft.-lbs.  (40  mkg),  and  they  are  marked  by  these  numbers. 
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They  intersect  the  full  Hnes,  marked  at  upper  or  lower  ends, 
which  represent  curves  of  equal  deflection.  This  would  not  be 
the  case  if  deformation  depended  simply  upon   the  value  of 

279*  From  these  curves  the  following  laws  may  be  de- 
duced : 

a.  Heavy  blows  produce  greater  deflection  than  a  greater 
number  of  light  blows  of  equal  impact  (see  2/f^). 

b.  Under  equal  impact  H  X  JV  of  blow  heavier  weights  of 
ball  produce  greater  deflection. 

Rotter  also  made  a  series  of  tests  of  harder  low  steel 
haerterem  Flusseisen),  producing  rupture  wither  blows  of  iden- 
tical total  impact.  To  produce  rupture,  less  total  impact  was 
necessary  in  case  of  heavy  blows  than  under  light  blows. 
Here  also,  with  identical  impact  per  blow,  the  total  impact 
producing  rupture  was  less  when  using  heavy  balls  than  when 
using  those  of  lighter  weight.  Hence  it  is  again  found  that 
results  obtained  from  upsetting  tests  are  corroborated. 

^.    Efibct  of  Shape  of  Test-piece  and  the  Iiaw  of  Similarity. 

280.  Thus  far  sufficient  tests  have  not  been  made  to  de- 
termine the  influence  of  shape  of  test-piece,  and  to  what  de- 
gree the  law  of  similarity  applies  in  impact  bending-tests.  That 
shapes  of  test-pieces  must  be  selected  according  to  definite 
principles  based  on  the  law  of  similarity,  which  here  applies  in 
the  same  form,  is,  however,  plain.  If  variations  from  this  law 
are  found,  this  will  always  be  caused  by  the  reason  that  the 
gross- impact  of  ball  can  alone  be  measured,  and  that  a 
part  varying  according  to  circumstances  is 
invariably  lost.  This  part  might  vary  in  each  blow  of  equal 
impact,  according  to  the  part  played  by  the  weight  of  ball  W 
in  the  equation  A  =  If  X  iV,  The  law  of  similarity  deals 
primarily  with  the  net  impact,  i.e.,  that  amount  of  impact 
which  is  actually  required  to  produce  deformation. 
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281.  One  circumstance  which  must  affect  deflection  is 
produced  by  the  projection  of  the  ends  beyond  the  points  of 
support,  Fig.  202,  which  because  of  their  inertia  remain  at  ^ 
below  the  position  due  to  deflection  a,  produced  by  impact^ 
and  then  spring  beyond  this  position  to  point  c.  The  magni- 
tude of  this  action  depends  upon  the  length  of  the  projecting 
ends.  Recognition  of  this  circumstance  caused  the  railway 
managements  to  prescribe  the  length  of  4.26  ft.  (1.3  m)  for 
impact-tests  of  rails  (-27/,  2).  For  axles  such  rule  was  not 
necessary,  as  they  always  have  definite  lengths. 

g.  Effect  of  Speed  in  Tests  of  Resistance. 

28!3.  The  question  of  effect  of  rapidity  of  pro- 
duction of  deformation  on  results  of  tests 
has  been  repeatedly  touched  upon,  that  is,  on  the  value  of 
stress  at  the  proportional  limit,  yiel  d-p  o  i  n  t,  and 
maximum  load,  or  upon  the  value  of  elongation  and 
contraction.  This  question  is  of  course  of  the  greatest  prac- 
tical importance  in  testing  materials. 

283.  Recalling  what  has  been  said  (jj)  about  the 
behavior  of  magnesium  under  tension-test,  the  fact  that  there 
is  very  considerable  residuary  extension  after  each 
load  applied  intermittently,  which  occurs  with  different 
rapidity,  decreasing  at  first,  but  increasing  with  increasing 
loads,  must  permit  us  to  conclude  that  speed  of  testing  must 
affect  results  of  tests. 

284.  There  must  be  intermolecular  motion  during 
deformation,  and  individual  elements  must  assume  new  posi- 
tions to  make  permanent  deformation  possible.  After  having 
become  familiar  with  the  adjective  **  flow,  flow-phenomena,** 
it  will  not  appear  strange  to  regard  the  solid  body,  to  a  cer- 
tain extent,  as  a  very  viscous  liquid.  This  can  be  illustrated 
at  any  moment  by  testing  materials  which  are  transitionary 
between  the  solids  and  liquids.  Pitch  behaves  as  a  solid  and 
is  brittle  under  a  load  quickly  applied ;  it  breaks  like  glass 


(285-287.)  Effect  of  Speed  of  Test.  243 

with  conchoidal  fracture.  If  lumps  of  pitch  be  placed  in  a 
vessel  and  left  untouched  for  some  time,  they  will  change 
their  shape  and  ultimately  unite  into  one  mass,  to  form  a 
surface  just  like  a  liquid.  If  the  vessel  be  then  inclined,  the 
pitch  will  run  out  in  a  couple  of  weeks,  as  though  poured  out, 
although  the  flowing  thread  would  show  the  brittleness  of  a 
solid  if  it  were  attempted  to  change  its  shape  suddenly. 

285.  Toughness  or  internal  friction  of  the 
liquid  must  be  overcome  if  its  particles  are  to  be  set  in 
motion.  If  the  particles  are  to  move  faster,  acceleration  of 
motion  will  be  produced  by  increased  pressure.  The  occur- 
rences in  a  solid  may  be  conceived  to  be  quite  similar.  A 
certain  force  is  requisite  to  overcome*^  internal  adhesion, 
ultimately  producing  rupture.  If  it  is  to  occur  in  a  shorter 
period  of  time,  it  will  be  necessary  to  accelerate  the  flow  of 
particles  by  adding  additional  force. 

This  consideration  is  convincing  that  a  greater  load  must 
be  applied    to    produce  identical    deformation    in   a   shorter 

period  of  time,  and  as  —  =  5,  greater  stress  must  be  produced 

in  the  test-piece. 

286.  It  isy  however,  questionable  whether  this 
increase  of  stress  is  of  such  magnitude 
that  it  is  noticeable  for  the  practical  pur- 
poses of  testing.  Many  tests  have  been  made  to 
answer  this  question,  of  which  I  shall  only  refer  to  the  more 
extended  series  of  Bauschinger  (Z  160),  of  Fischer 
{L  i6i)y  and  to  a  few  made  by  myself. 

287.  Diagrams  obtained  from  tension-tests  of  sheet 
zinc  are  like  those  in  Fig.  203.  If  parallel  strips  be  tested 
in  tension,  and  at  three  different  speeds  v,  v^  and  v^ ,  three 
different  curves,  which  are  very  similar,  will  be  obtained 
(Z  IIS)'  Stress  will  increase  with  speed.  la 
case  of  zinc  the  tensile  strength  Sj^  may  be  doubled  by 
increasing  the  speed.  Fischer  (Z  161)  proved  similar 
results  for  tin.     Hence  reports  of   tests  of    these 
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materials  are  as  good  as  valueless  for  judging  their  qual- 
ity unless  obtained  under  identical  speed,  and 
unless  they  are  at  the  same  time  stated. 

!388.  If  iron  and  steel  be  tested  similarly,  ordi- 
nary machines  will  not  permit  the  deter- 
mination of  any  effect  of  speed  unless  a  very  great 
number  of  tests  be  made  of  identical  material,  because  the 
differences  of  strength  of  pieces,  cut  side  by  side  from  the 
same  sheet,  are  generally  so  great  that  the  effect  of  speed  lies 
within  these  errors.  The  differences  in  resistance  obtained 
by  slow  and  rapid  tests  can  only  be  determined  by  machines 
of  proper  construction  when  tests  are  made  on  one  and  the 
same  piece  to  determine  whether  more  rapid  rate  of  flow 
requires  a  greater  load  on  the  weighing-machine.*  Not 
every  scale  is  suitable  for  this  purpose. 

In  order  to  make  the  test  in  the  manner  indicated,  by 
sudden  change  of  speed  during  the  test  of  a  bar,  without 
material  error,  the  masses  of  the  weighing 
mechanism  should  be  small,  and  it  should  not 
be  so  constructed  that  the  weighing  mechanism 
may  assume  the  function  of  the  straining  mechan- 
ism; i.e.,  to  load  the  test-piece  in  a  manner  not  contem- 
plated. 

289.  If  the  weighing  mechanism  has  too  great  a 
mass,  the  inertia  will  affect  the  functions  of  weighing 
mechanism  during  a  change  of  straining-speed,  and  the 
results  will  have  to  be  carefully  tested  and  corrected  in  this 
respect.  Very  small  masses  result  from  the  use  of  springs  as 
load-indicators  (dj',  e). 

!390.  If,  however,  a  spring  such  as  a  spiral  spring,  which 
has  great  motion  when  relieved,  be  employed  for  this  pur- 
pose, its  indications  could  not  follow  sudden  changes  of  speed 
of  straining  mechanism.  The  test-piece  would  continue  to 
be  strained  by  the  spring  under  sudden  arrest  of  the  straining 

*  See  {no,  c). 
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mechanism,  until  the  spring  had  been  sufficiently  relieved, 
that  its  force  could  no  longer  produce  strain  of  the  bar; 
hence  the  intended  straining-speed  would  not  be  equal  to  o. 

It  will  be  seen  that  unfavorable  design  of  spring  may  even 
produce  rupture  of  bar  without  having  reached  the  intended 
straining-speed  o;  in  the  case  where  the  travel  of  the  spring 
up  to  release,  to  the  tensile  resistance  S,i  {3P)>  is  greater  than 
the  extension  of  bar  at  instant  of  rupture.  Under  sudden 
increase  of  rate  of  straining  of  the  mechanism,  the  straining- 
speed  in  the  bar  will  not  immediately  reach  the  intended 
speed,  and  in  fact  it  must  travel  a  definite  amount  equal  to 
the  stress  corresponding  to  the  intended  straining-speed. 

If  a  weighing-device  having  a  minimum  motion 
for  complete  release  be  employed,  the  conditions  just 
described  will  be  most  favorable.  A  steel  bar  under  tension 
answers  these  requirements,  as  employed  by  me  in  a  small 
tension  machine  *  in  the  Charlottenburg  Testing 
Laboratory  (//5),  and  also  the  device  used  in  the  50-ton 
machine  (L  162,  PI.  5)  which  I  constructed  for  the  same 
Laboratory. 

291.  If  a  strip  of  zinc  be  tested  in  a  machine  of  this 
type,  and  alternately  strained  fast  and  slow  by  driving  the 
machine  fast  or  slow,  the  diagram  recorded  will  assume  the 
approximate  shape  shown  in  Fig.  204.  At  the  moment  of 
change  of  straining-speed  v^  to  the  lesser  speed  the  pencil 
will  drop  instantly,  and  then  records  that  part  of  the  curve 
marked  z/,  and  again  rising  with  equal  promptness  to  line  v^ 
under  change  of  speed  from  v  to  z/,,  etc.,  etc.  The  differ- 
ences in  ordinates  thus  directly  give  the  effect  of  straining- 
speed  on  the  results  of  tests.  In  case  of  tin,  zinc, 
and  similar  metals    it    isveryconsiderable. 

293.  If  iron  or  steel  be  tested  in  a  similar  manner, 
the  breaks  in  the  diagram  will  be  hardly  noticeable.  The 
effect  of  speed  will  hardly  amount  to    i  to  1.5^  accordinp^  to 

*This  bar  elongates  0.024  ^o.  (0.62  mm)  under  maximum  capacity  of 
the  machine  L  =  2200  lbs.  (looo  kg). 
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the  tests  of  iron  thus  far  made  by  me.  Bauschinger 
(Z  160)  has  confirmed  the  effect  of  speed  on  tests  of  zinc 
and  a  few  other  metals,  and  demonstrated  that 
it  may  be  neglected  in  case  of  practical 
tests   of    materials    of   c  o  n  s  t  r  u  c  t  i  o  n.*  f 

393.  This  is  a  matter  of  very  consider- 
able importance  in  testing  materials,  as  no 
great  importance  need  therefore  be  attached  to  maintaining 
a  definite  straining-speed  in  routine  testing.  In  fact,  ten- 
sion-tests are  nowadays  made  in  a  few  minutes.  It  is, 
however,  desirable  that  public  testing  laboratories  adhere  to 
the  rule  adopted  by  several  of  them  to  use  definite  straining- 
speeds.  A  strain  of  i^  per  minute  has  thus  far  been  cus- 
tomary; but  it  may  be  necessary  to  adopt  2^  per  minute, 
because  otherwise  tests  will  become  too  tedious  and  expen* 
sive. 

294.  What  has  been  stated  relating  to  tension-test  is 
no  doubt  equally  true  of  all  other  tests  of  resistance.  In 
these  the  influence  undoubtedly  exists  {21S),  but  it  has  been 
thus  far  studied  but  slightly. 

*  I  should  like  to  call  particular  attention  to  the  fact  that  conclusions 
refer  to  the  behavior  of  the  material  alone,  and  not  to  the  behavior  of 
the  testing-machine.  This  is  quite  a  different  matter,  and  my  experience 
has  been  that  the  speed  is  a  material  factor  in  the  results  of  tests  made  on 
all  multiple-lever  machines.  The  precise  amount  of  this  efifect  has  not 
been  determined.  Remembering  that  straining-speeds  of  more  than  25$^ 
per  minute  are  now  in  common  use  in  England  and  the  United  States,  the 
problem  is  quite  a  different  one  from  that  discussed  in  the  above  by  the 
author,  and  by  the  investigators  referred  to,  who,  all  of  them,  use 
machines  which  cannot  be  operated  at  more  than  moderate  speeds.  The 
22oo-lb.  machine  referred  to  cannot  be  operated  at  any  great  speed. — 
G.  C.  Hg. 

t  Having  referred  this  matter  of  effect  of  speed  to  Prof.  Martens,  he 
requests  me  to  emphasize  that  such  speeds  as  are  in  common  use  in 
England  and  the  United  States  (15-25^  elongation  in  one  minute)  must 
undoubtedly  produce  a  noticeable  effect;  and  also  that  his  and  Hausch- 
inger's  tests  were  made  with  speeds  very  materially  lower  than  the 
above.  Formerly  1%  per  minute  was  the  rule  at  the  Charlottenburg 
Testing  Laboratory;  it  is  now  about  2%  per  minute.  Under  these 
conditions  alone  the  above  statement  is  admissible. — G.  C.  Hg. 
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Although  numerous  investigations  of  the  influence  of 
straining-speed  on  tension-tests  have  been  made,  the  data  are 
not  only  discontinuous,  but  also  not  free  from  objections,  for 
reasons  stated  in  {288)  to  (-?po),  and  it  is  very  desirable  that 
the  tests  be  extended.  Individual  investigations  cannot, 
however,  be  here  discussed;  this  must  be  deferred  to  the 
special  discussion  of  properties  of  materials. 

\.  Resistance-tests  under  High  and  Low  Temperatures. 

295.  Materials  of  construction  are  very  often  used  at 
temperatures  which  vary  greatly  from  the  average,  to  which 
alone  all  tests  and  statements  heretofore  discussed  have  been 
assumed  to  refer.  In  ice-machines,  in  gas-liquefying  machines 
certain  parts  are  exposed  to  very  low  temperatures;  bridges, 
rails,  tires,  and  all  other  possible  material  is  subject  to  varia* 
tions  of  temperatures  from  —  13°  to  +  95**  F.  (--  25°  to  + 
35°  C.  in  Germany).  In  the  United  States  these  are  —  40** 
to  +  130°  F.  In  boilers  and  kettles  of  all  descriptions  tem- 
peratures may  easily  range  from  —  13°  to  +  400**  F.  (—  25® 
to  +  200°  C);  in  steam-superheaters  750**  F.  (400°  C.)  and 
more  may  be  reached ;  in  case  of  conflagrations  material  must 
resist  even  very  much  higher  temperatures.  In  heating-  and 
melting-furnaces  the  furnace  materials  must  in  fact,  while  at 
a  white  heat,  resist  important  stress  and  shock.  A  knowl- 
edge of  the  strength  of  materials  under  these  conditions  is 
therefore  of  great  value  to  the  constructor.  But  it  is  also 
very  important  to  the  technologist,  for  the  resistance  and 
ductility  of  raw  materials  when  hot,  to  determine  the  manip- 
ulation during  rolling,  forging,  etc.,  etc. 

At  this  place  the  general  provisions  adopted  for  making 
tests  under  extraordinary  thermal  conditions  can  only  be 
hastily  discussed.  The  changes  of  properties  of  the  most 
important  materials  of  construction  due  to  thermal  changes 
shall  be  discussed  later  on,  when  discussing  properties  of 
materials. 
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296.  Freezing-mixtures,  such  as  salt,  snow,  or  crushed 
ice,  are  usually  employed  to  produce  low  temperatures,  tem- 
peratures of  from  —  4°  to  —  6°  F.  being  thus  obtainable. 
At  present  carbonic  acid  snow  is  used  advantageously,  being 
produced  by  allowing  liquefied  CO,  to  pass  through  velve* 
bags.  Thus  temperatures  as  low  as  —  112°  F.  (—80°  C.) 
may  be  easily  obtained,  and  also  maintained  constantly  by 
wrapping  the  bag  about  the  test-piece  and  surrounding  the 
latter  uniformly  with  snow  by  use  of  the  hands.  Liquid  air 
makes  temperatures  of  —  312°  F.  available. 

297.  As  a  rule,  however,  tests  are  made  by  use  of  baths, 
which  maintain  the  test-piece  at  a  uniform  temperature  for  a 
long  time.  If  the  test  is  to  be  made  very  rapidly,  as,  for 
example,  in  case  of  impact-tests,  it  is  customary  to  raise  or 
lower  the  temperature  somewhat  beyond  the  desired  point 
and  then,  if  possible,  redetermine  it  immediately  after  test, 
in  order  to  obtain  some  knowledge  of  thermal  condition  at 
instant  of  test.  The  first  case  is  usually  done  in  case  of 
impact-tests,  and  the  technological  tests  (Division  B)  still  to 
be  discussed ;  the  second  case  is  generally  adopted  in  tension- 
tests,  especially  when  elastic  properties  are  to  be  determined 
at  the  same  time. 

298.  Tests  at  temperatures  up  to  572°  F.  (300°  C.)  are 
made  by  use  of  liquids  of  high  boiling-points  (Z  i6j).  At 
higher  temperatures  alloys  of  low  melting-points  may  be 
sometimes  used  under  proper  circumstances,  or  even  salts. 
Mixtures  of  nitrate  of  soda  or  potash  (L  16^)  is  suitable  for 
temperatures  up  to  930*'  F.  (500°  C):  this,  however,  attacks 
metals  in  course  of  time.  Higher  temperatures  would,  as  a 
rule,  be  produced  by  gas-furnaces  which  envelop  the  test- 
piece.     Electric  ovens  have  also  been  used. 

299.  The  devices  used  must  be  in  most  cases  fitted  to 
special  conditions  existing  in  testing-machines  available.  If 
I  here  discuss  a  few  of  such  devices  they  can  only  serve  as 
illustrations,  which  I  shall  simplify  by  naming  their  sources. 

a.  For  testing  iron  under  high  temperatures  (Z  /dj)  the 
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apparatus  shown  in  Fig.  205,  attached  to  a  conical  part  of 
the  test-piece,  was  used  at  the  Charlottenburg  Test- 
ing Laboratory.  It  consists  of  an  iron  stove  having 
two  walls,  the  inner  chamber  being  about  4  in.  (10  cm)  in 
diameter,  and  is  filled  with  paraffine  for  tests  up  to  392°  F» 
(200°  C),  or  with  a  metal  bath  for  tests  up  to  11 12''  F» 
(600°  C).  This  vessel  was  enclosed  by  an  iron  jacket  having 
slots  through  which  the  jets  of  two  Mundscheid  blast- 
lamps  were  forced.  These  small  convenient  blast-lamps  mix 
the  gas  and  air  by  means  of  perforated  disks,  and  this  mixture 
was  blown  into  the  ovens  by  suitable  orifices.  The  com- 
pressor is  driven  by  a  small  turbine  mounted  directly  on  the 
axis.  Slides  controlled  the  inflow  of  air,  and  a  stop-cock  that 
of  the  gas;  the  emission  of  gases  of  combustion  is  also  con- 
trolled by  slides.  Each  of  the  two  slit-burners  emitted  a 
sheet-flame  of  about  4.4  in.  width  (11  cm). 

b.  As  this  oven  was  intended  for  a  special  investigation 
and  only  unusually  large  test-pieces  could  be  used  in  it,  and 
it  became  desirable  later  on  to  use  it  in  regular  tests  of  heated 
metal,  using  smaller  bars,  it  was  finally  modified  as  shown  in 
Fig.  18,  PI.  5.  In  this  case  large  Bunsen  burners  were  used, 
three  of  which  are  mounted  on  the  gas-chamber,  and  are 
supplied  with  regulation  for  air  and  for  gas.  The  flames 
enter  the  heating-chamber,  surround  the  bath  (paraflftne  or 
salt  mixture),  and  then  escape  through  the  jacket  of  the  oven 
into  the  chimney,  provided  with  a  damper,  which  can  be 
revolved  into  any  convenient  position.  In  this  case  this  oven 
also  depends  from  the  test-piece  by  means  of  two  prolonga- 
tions on  the  shoulders,  the  lower  one  of  which  is  rigidly  con- 
nected with  the  oven.  The  test-bars  have  a  special  shape, 
and  are  made  accurately  to  gauge  in  every  detail;  threads  are 
cut  on  the  heads,  which  fit  into  the  spherical  wedges  of  the 
jaws.  Special  tools  are  used  to  insert  the  test-pieces  into  the 
oven  and  to  remove  the  broken  parts. 

300.  To  make  measurements  of  precision 
by    mirror    apparatus   possible,    they    are     provided 
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with  long  spindles  {Sy^  88),  so  that  the  mirrors  are  quite 
distant  from  the  oven,  and  the  vibrations  of  the  hot  air  rising 
at  the  oven  do  not  affect  the  readings.  The  clamping- 
springs  2,  Fig.  206  (see  also  Fig.  205,^!),  have  a  little  different 
shape  and  arrangement.  In  order  to  secure  a  safe  attacii- 
ment  the  test-piece  is  provided  with  circumferential  grooves, 
into  which  the  knife-edges  of  the  springs  fit,  Fig.  205,  A. 
The  principle  of  marking  the  gauge-length  /^  on  the  finished 
length  (ijo)  had  to  be  discarded,  and  the  errors  thus  intro- 
duced were  eliminated  by  calculation.  The  arrangement  of 
mirror  apparatus  and  their  support  on  the  frame  of  the 
machine  is  shown  in  Fig.  206.  Identical  numbers  in  the 
figures  refer  to  identical  parts.  A  description  of  the  details 
of  the  mirrors  will  be  found  at  the  end  of  the  book,  in  the 
chapter  relating  to  measuring-instruments. 

301.  Many  tests  have  been  made  to  determine  the 
resistance  of  columns  of  different  materials  and  of  various 
shapes  under  the  effect  of  fire.  I  shall  here  refer  to  the  tests 
of  Bauschinger  (Z  166),  M  o  e  1 1  e  r  (Z  /rf/),  and  of 
the  Building  Commissioners  of  Hamburg, 
Germany  (Z  168),  which  have  materially  aided  in  determin- 
ing the  safety  of  columns  exposed  to  fire.  Special  arrange- 
ments were  made  for  all  of  these  tests,  detailed  description 
of  which  should  be  studied  in  the  sources,  because  they  are 
not  of  general  interest.  Bauschinger  and  M  o  e  1 1  e  r 
tested  columns  horizontally,  wood  fires  enveloping  them. 
Bauschinger  used  the  W  e  r  d  e  r  machine,  while 
M  o  e  1 1  e  r  used  an  hydraulic  press  ordinarily  used  for  pipe- 
tests.  In  the  Hamburg  tests  the  columns  were  tested  verti- 
cally; they  were  enveloped  at  the  centre  by  a  gas-oven,  by 
which  they  were  heated  to  the  desired  temperatures.  In  all 
of  these  tests  the  protective  properties  of  poor  heat-conduct- 
ing materials  were  also  studied;  wood,  stone,  wrought-  and 
cast-iron  columns  were  tested. 

302.  The  determinations  of  unusual  thermal  conditions 
have  always  given  special  trouble  in  testing  the  strength  of 
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materials.  But  as  improved  apparatus  for  thermic  determina- 
tions have  lately  been  developed,  this  difficulty  has  been 
considerably  modified.  Formerly  awkward  water-calori- 
meters, fusible  material,  and  air-pyrometers  had  to  be  used; 
the  expansion  of  bodies  by  heat,  fire-colors,  and  many  other 
things  were  utilized.  For  rough  practical  tests,  when  com- 
parisons only  were  attempted,  many  of  these  methods  are 
convenient.  Therefore  attention  is  called  to  the  following 
brief  reference  of  the  subject. 

303.  Melting-  and  boiling-points  of  certain  materials 
may  be  used  as  a  guide  to  thermal  conditions  of  bodies. 
Evaporation  of  solidified  carbonic  acid  gas  takes  place  at 
—  176°  F.  (—  80°  C.)  [liquefied  air  and  gases  produce  tem- 
peratures as  low  as  —  392°  F.  (—  200**  C),  melting  mercury 
about  —  102°  F.  (—  39°  C.)]. 

304.  Alcohol-thermometers  measure  cold ;  modern  mer- 
curial thermometers  measure  from  —  86**  F.  (30**  C.)  to  -|- 
868°  F.  (500°  C),  after  specially  suitable  glass  was  discov- 
ered, which  at  the  same  time  materially  reduces  instrumental 
errors.  Mercurial  thermometers  for  high  temperatures  are 
filled  with  highly  compressed  carbonic  acid  gas.  Special 
*'  thread-thermometers  "  may  be  used  as  auxiliary  to  these, 
which  admit  of  a  simple  and  rapid  correction  of  error  which 
is  produced  by  the  length  of  the  projecting  thread.  Thermo- 
metric  observations  up  to  868**  F.  (500*^  C.)  are  then  only 
subject  to  very  small  inaccuracies  {L  16/f.^  p.  79).  It  is 
extremely  convenient  and  highly  to  be  recommended  to 
have  all  instruments  intended  for  accurate  work  compared 
by  the  Imperial  Physic  o-T  echnical  Institute 
at  Charlottenburg,  Marchstr.,  with  the  air-ther- 
mometer, repeatedly  if  possible.  The  sources  of  errors, 
their  causes,  their  limiting  values,  and  corrective  calculations 
cannot  be  here  considered,  and  reference  is  made  to  hand- 
books on  physical  laboratory  work  which  are  noted  in  the 
bibliography  {L  lojy  104). 
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305.  The  German  Gold  and  Silver  Smelting 
Works  at  Frankfurt  o.  M.  furnishes  series  of  paper- 
thin  rolled  sheets  of  alloys  of  precious  metals,  stamped  with 
definite  melting-points.  The  melting-points  are  said  to  lie  be- 
tween 535^  F.  (315°  C.)  and  2668°  F.  (1500^  C);  it  will,  how- 
ever,  be  well  to  consider  these  values  merely  as  approximate. 
Table  24  gives  the  statements  of  these  works  for  individual 
alloys.  Small  strips  are  cut  from  the  sheets  and  placed  in  fire- 
proof crucibles  (tile-chips)  filled  with  sand  or  magnesium,  or 
embedded  in  clay  lumps.  In  this  condition  they  are  exposed 
to  the  heat  to  be  determined.  It  is  noted  which  of  the  alloys 
melt  into  a  globule.  Mere  bending  of  the  strips  takes  place  in 
some  alloys  below  the  melting-point;  this  should  not  be 
confused  with  melting  into  a  globule. 

Table  2 4. — Metallic  Alio J8  for  Approximate  Determination  of 

Temperatures  for  Ceramic  Purposes. 

P  r  i  n  s  e  p  s '    metal-pyrometer,   manufactured  by  the  German   Gold  and 

Silver  Smelting  Works,  Frankfurt  a.  M. 


Meltinff-points  in  F.*  and  C."  according  to  Ehrhard  and  Schertel. 


Cd 

Zn  

Al 

800  Ag-|-20oCu 
gKO  Ag4-5«>Cu. 

Fine  Ar  

400  Ag  4-  600  Au 

Fine  Au 

950  Au  +  SoPt.. 


F.<» 

C  *• 

599 

3*5 

774 
1148 
1562 
1653 

41a 
6ao 
850 
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According  to  the  latest  investigations  of  Violle,  Barus,  H  oil- 
born,  and  Wien  (Ann.  Phys.  u.  Chem.  1895,  p.  276)  melting-points 
vary  as  follows: 


F. 


Av. 
Ag  from  X743  to  1802  1773 
Au  "  1912  to  1999  1956 
Cu  '*   1929  to  aoo6  X969 


Av. 

954  to  986  970 
1045  to  X093  1069 
1054  to  X097  1076 


F. 


Av. 
Ni  from  2689  to  276a 
Pd  "  2732  to  2989 
Pt  "   3194  to  3371  3283 


2725 
3861 


C. 


Av. 
X476  to  X517  X496 
1500  to  1643  '57* 
1757  to  1855  x8o6 


306.  Seeger's  Cones  are  furnished  by  the  Chemi- 
cal   Laboratory    for    Clay    Industry,    Kruppstr. 
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6,  Berlin,  N.W.,  which  are  used  especially  for  determination  of 
high  furnace  temperatures  and  have  been  used  especially  in 
testing  materials  for  comparative  determination  of  fire-resist- 
ance of  fire-proof  materials.  The  cones  are  triangular  pyra- 
mids of  various  mixtures  of  fire-resisting  materials  which 
undergo  deformations  at  high  temperatures,  as  shown  in  Fig. 
>  207,  or  melt  completely.  The  cones  are  numbered  from  No. 
022  to  36,  and  their  melting-points  are  nominally  between 
1094*^  F.  (590°  C.)  and  3362°  F.  (1850"*  C).  According  to  re- 
ports of  Dr.  Hecht  (Z  16^) : 


Cone  No.  022  melts  at  about  (average)  1094**  F. 
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With  these  determinations  as  a  base  Dr.  Hecht  esti- 
mates the  melting-points  of  the  complete  series  at  the  temper- 
atures given  in  Table  25. 

Table  25.— MeltingT-points  of  Seeger'g  Cone8«  estimated  by 

Dr.  Heoht. 

(Thon-Ind.  Ztg.  1896,  p.  294.) 


F.« 

1 
C.« 

F.« 

C* 

F." 

C.- 

No.  022 

1094 

590 

No. 

02 

2030 

IIIO 

No. 

18 

2714 

1490 

•*  021 

1 148 

620 

It 

01 

2066 

1 130 

44 

19 

2750 

1510 

*'  020 

1202 

650 

f  ( 

I 

2102 

1150 

14 

20 

2786 

1530 

'*  019 

1256 

680 

«( 

2 

2138 

1170 

(4 

21 

2822 

1550 

••  018 

1310 

710 

(< 

3 

2174 

1 190 

4< 

22 

2858 

1570 

*'  017 

1372 

740 

«< 

4 

2210 

1210 

44 

23 

2894 

1590 

••  016 

1418 

770 

<i 

5 

2246 

1230 

44 

24 

2930 

1610 

'•  015 

1472 

800 

44 

6 

2282 

1250 

41 

25 

2966 

1630 

"  014 

1526 

830 

41 

7 

2318 

1270 

44 

26 

3002 

1650 

*•  013 

1580 

860 

tt 

8 

2354 

1290 

«4 

27 

3038 

1670 

"  012 

1634 

890 

44 

9 

2390 

1310 

«« 

28 

3074 

1690 

**    on 

1688 

920 

41 

10 

2426 

1330 

4C 

99 

3IIO 

1710 

**    010 

1742 

950 

4< 

II 

2462 

1350 

(C 

30 

3146 

1730 

*•   09 

1778 

970 

If 

12 

2498 

1370 

(i 

31 

3182 

1750 

••   08 

1814 

990 

44 

13 

2534 

1390 

«» 

33 

3218 

1770 

"   07 

1850 

lOIO 

44 

14 

2570 

1410 

<t 

33 

3254 

1790 

•'   06 

1886 

1030 

44 

15 

2606 

1430 

tc 

34 

3290 

1810 

"   05 

1922 

1050 

I* 

16 

2642 

1450 

<c 

35 

3326 

1830 

"   04 

1958 

1070 

tt 

17 

2678 

1470 

Ci 

36 

3362 

1850 

V*   03 

1992 

1090 

254  A.    Resistance  of  Materials.  (307.) 

307.  Of  the  more  modern  pyrometers  for  measuring  high 
temperatures  I  shall  here  mention  only  those  of  Siemens, 
Le  Chatelier,  Callendar,  Wiborgh  {L  170,171) 
and  U  eh  ling.*  The  Le  Chatelier  has  been  found  to  be 
especially  satisfactory,  and  has  been  largely  introduced  in  in- 
dustrial  shops  because  of  its  easy  manipulation  and  wide  scope. 
It  must  be  here  added  that  the  Uehling  is  finding  a  much  more 
rapid  and  general  introduction,  especially  in  the  United  States, 
because  it  is  automatic  as  well  as  autographic,  and  requires  no 
attention  once  it  is  started.  It  has  also  been  found  to  be 
more  constant  than  the  Le  Chatelier,  because  the  electric 
couple  used  in  the  latter  is  very  changeable  during  continuous 
use.  The  two  latter  are  especially  valuable  for  purposes  of 
tests  of  materials,  because  the  thermo-electric  couple  in  one 
case  and  the  platinum  tube  in  the  other  can  be  readily  in- 
serted into  every  apparatus,  and  frequently  be  brought  in 
direct  contact  with  the  test-piece  the  temperature  of  which  is 
to  be  determined.  The  thermo-electric  couple  of  the  L  e 
Chatelier,  formed  by  twisting  a  platinum  and  a  platinum- 
rhodium  wire  together,  measures  the  temperature  by  use  of  a 
Deprez-d'Arsonval  galvanometer,  the  amplitudes  of 
which  are  proportional  to  temperature  to  which  the  thermo- 
electric couple  is  exposed. 

These  instruments,  especially  the  thermo-electric  couple 
used  therein,  are  also  calibrated  upon  "request  by  the 
Imperial  Physico-Chemical  Institute  and  certi- 
fied ;  this  is  certainly  desirable  if  reliability  of  results  is  a  con- 
sideration. 

According  to  the  experience  of  the  Imperial  Institute 
and  of  other  investigators,  even  very  high  temperatures,  such 
as  the  melting-points  of  iron,  may  be  determined  accurately 
to  a  few  degrees. 

The  type  of  instrument  made  by  Keiser  &  Schmidt 
of  Berlin   {L   172)    is  portable   and   exceedingly   convenient. 

•••'  Added  by  the  translator;  also  see  statements  relating  thereto  (joJa). 
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The  readings  are  observed  on  a  scale  which  is  divided 
not  only  in  volts,  but  also  in  C®  according  to  the  calibra- 
tion of  the  Imperial  Institute.  The  readings  run  from 
atmospheric  temperatures  to  2668^  F.  (1500°  C),  and  can  be 
estimated  to  single  degrees ;  these  instruments  should  also  be 
calibrated  before  use. 

308.  For  scientific  and  industrial  purposes  it  is  convenient 
that  the  instruments  be  autographic.  Roberts-Austen 
devised  a  pretty  photographic  recorder  {L  171).  In  this 
instrument  rays  of  light  are  reflected  from  a  galvanometer, 
having  a  revolving  and  a  fixed  mirror  contained  in  a  dark 
chamber,  through  a  narrow  slit  on  to  the  sensitive  paper 
mounted  on  a  clock-driven  drum  ;  this  produces  a  curve  and  a 
base-line,  the  ordinates  between  the  two  representing  a 
measure  of  temperature.  The  instrument  is  arranged  in  such 
manner  that  the  temperatures  existing  in  furnaces  located  at 
different  points  can  be  recorded  intermittently. 

308a.  The  Uehling  Pyrometer  is  used  in  exactly 
the  same  manner,  except  that  the  record  is  in  ink,  always  visi- 
ble, and  can  also  be  interrupted  to  control  a  number  of 
furnaces  at  the  same  time ;  its  readings  run  from  atmospheric 
temperatures  to  those  just  below  the  melting-point  of  plati- 
num ;  anything  approaching  this  point  would  endanger  the 
platinum  tubes  which  are  inserted  in  the  heat  to  be  determined. 

The  Pneumatic  Pyrometer  is  based  on  the  laws 
governing  the  flow  of  air  through  small  apertures. 

If  two  such  apertures  A  and  By  Fig.  207a,  respectively  form 
the  inlet  and  outlet  openings  of  a  chamber  C,  and  a  uniform 
suction  is  created  in  the  chamber  (T' by  the  aspirator  Z?,  the 
action  will  be  as  follows : 

Air  will  be  drawn  through  the  aperture  B  into  the  chamber 
C'y  creating  suction  in  chamber  C,  which  in  turn  causes  air 
from  the  atmosphere  to  flow  in  through  the  aperture  A,  The 
velocity  with  which  the  air  enters  through  A  depends  on  the 
suction  in  the  chamber  C,  and  the  velocity  at  which  it  flows  out 
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through  B  depends  upon  the  excess  of  suction  in  C  over  that 
existing  in  the  chamber  ^,  that  is,  the  effective  suction 
in  f .  As  the  suction  in  C  increases,  the  effective  suction  must 
decrease,  and  hence  the  velocity  at  which  air  flows  in  through 
the  aperture  A  increases,  and  the  velocity  at  which  air  flows 
out  through  the  aperture  B  decreases,  until  the  same  quantity 
of  air  enters  at  A  as  passes  out  at  B.  As  soon  as  this  occurs 
no  further  change  of  suction  can  take  place  in  the  chamber  C. 

Air  is  very  materially  expanded  by  heat.  Therefore  the 
higher  the  temperature  of  the  air  the  greater  the  volume,  and 
the  smaller  will  be  the  quantity  of  air  drawn  through  a  given 
aperture  by  the  same  suction.  Now  if  the  air,  as  it  passes 
through  the  aperture  A,  is  heated,  but  again  cooled  to  a  lower 
fixed  temperature  before  it  passes  through  the  aperture  B,  less 
air  will  enter  through  the  aperture  A  than  is  drawn  out 
through  the  aperture  B.  Hence  the  suction  in  C  must  increase 
and  the  effective  suction  in  C  must  decrease,  and  in  conse- 
quence the  velocity  of  the  air  through  A  will  increase  and  the 
velocity  of  the  air  through  B  will  decrease,  until  the  same 
quantity  of  air  again  flows  through  both  apertures.  Thus 
every  change  of  temperature  in  the  air  entering  through  the 
aperture  A  will  cause  a  corresponding  change  of  suction  in 
the  chamber  C,  If  two  manometer  tubes  /  and  ^,  Fig.  207a, 
communicate  respectively  with  the  chambers  C  and  C\  the 
column  in  tube  q  will  indicate  the  constant  suction  in  C  and 
the  column  in  tube/  will  indicate  the  suction  in  the  chamber 
Ct  which  suction  is  a  true  measure  of  the  temperature  of  the 
air  entering  through  the  aperture  A, 

308b.  The  Uehling  Pyrometer.  The  practical 
application  of  the  above  principle  to  the  measurement  of  heat 
up  to  3000°  F.  is  illustrated  in  Fig.  207b.  The  aperture  A 
is  located  at  the  end  of  a  small  platinum  tube,  placed  within  a 
larger  tube  of  the  same  material,  closed  at  the  end  A  (Fig. 
207b),  and  is  called  the  fire-tube.     The  aperture  B  is 
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located  within  the  pot  G  (Fig.  207b),  kept  at  a  uniform 
temperature  of  212®  by  the  exhaust-steam  of  the  aspirator  D, 

The  chamber  C  is  composed  of  the  pipe  connecting  the 
apertures  A  and  B^  together  with  the  branches  q  and  s  leading 
respectively  to  the  manometer  q  and  a  recording-gauge. 

The  suction  is  regulated  by  a  water-column  in  the  vessel 
H^  and-  the  air-space  above  the  water  in  H  constitutes  the 
chamber  C'y  which  connects  with  the  aspirator  D  through  the 
pipe  nt  and  the  chamber  C  through  the  pipe  /. 

The  temperature-scale  is  placed  between  the  manometer- 
tubes  q  and  p^  so  that  it  is  in  plain  view,  and  the  heat  may  be 
read  off  to  within  5°  up  to  1500°  Fahrenheit,  at  a  glance,  and 
to  within  10°  to  2500°. 

The  pipe  gg  is  made  of  drawn  copper  tubing  and  may 
vary  in  length  from  a  few  feet  to  several  hundred  feet,  so  that 
the  regulator  H  with  the  temperature-scale  and  the  recording- 
gauge  may  be  set  in  any  safe  and  convenient  place,  within  a 
reasonable  distance  from  the  furnace  or  other  space  the  tem- 
perature of  which  is  to  be  measured. 

/  is  a  chamber  filled  with  cotton,  through  which  the  air  is 
filtered  and  freed  from  dust,  etc.,  to  prevent  clogging  the 
apertures. 

i.  Bepetitiye  Tests. 

1*  In  General. 

309.  The  name  of  ''Repetitive  Tes  t  s* '*  (Dauer- 

*  Heretofore  the  word  *'  Dauerversuche "  has  been  translated  into 
••fatigue-tests/'  "endurance-tests,"  ** durability-tests,"  continuous  tests" 
and  **  repetition  of  stress,"  and  while  the  latter  is  somewhat  descriptive  it 
is  not  a  convenient  term  or  precise  word. 

The  other  terms  are  absolutely  incorrect,  because  the  terms  used  refer 
either  to  what  happens  to  the  material  or  to  an  incorrect  conception.  The 
correct  name  is  ''repetitive  tests,"  tests  in  which  loads  are  applied  re- 
peatedly regardless  of  what  happens  to  the  material  during  the  tests. 
This  term  is  self-explanatory.  The  object  of  the  tests  is  not  to  find  the 
loads  or  number  of  repetitions  thereof  which  will  fatigue  the  material, 
but  precisely  the  reverse,  i.e.,  the  number  of  repetitions  of  stress  which 
the  material  can  resist  without  fatigue . — G.  C.  Hg. 


\ 
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versuche)  is  applied  to  all  those  strength-tests  in  which  the 
material  is  relatively  stressed  but  lightly,  the  same  stress  being 
frequently  repeated  or  applied.  These  tests  imitate  to  a  cer- 
tain degree  the  actual  conditions  of  service  of  details  of  con^ 
struction.  Their  results  form  the  basis  for  the  views  at  pres- 
ent held  in  regard  to  limit  of  stress  permissible  in  construction^ 
and  hence  it  is  necessary  that  the  kind  and  methods  of 
repetitive  tests,  as  well  as  the  essential  data  thus  far  derived 
therefrom,  be  here  briefly  referred  to ;  a  more  complete  pres- 
entation of  the  subjects  devolves  upon  the  study  of  construc- 
tion. 

310.  Although  others  had  been  engaged  on  tests  which 
should  be  counted  among  the  **  Repetitive  Tests,"  it  is 
customary  to  name  W  o  e  h  1  e  r  as  their  originator  {L  17 4)^ 
after  whom  they  are  frequently  called  *  *  W  o  e  h  1  e  r  *  s 
Tests.**  Even  Woehler*s  designs  of  repetitive-test  ma- 
chines have  been  adopted  by  several  other  investigators,  and 
those  used  by  himself  have  been  preserved  and  are  now 
employed  at  the  Charlottenburg  Laboratory 
for  the  continuation  of  the  tests  commenced  by  him.  Among 
his  predecessors  I  shall  refer  to  Albert,  who  made  repetitive 
tests  of  hoisting-chain  (L  iy6)  as  early  as  1829,  and  Wm. 
F  a  i  r  b  a  i  r  n  ,  who  reported  upon  repetitive  tests  of  girders  in 
1864  (Z  177).  Recently  W  o  e  h  1  e  r  '  s  tests  have  been  much 
extended,  and  several  laboratories  in  the  United  States  are 
particularly  occupied  with  them.  Woehler*s  tests  were 
thoroughly  supplemented  by  Bauschinger;  his  work 
shall  here  be  specially  discussed. 

311.  According  to  the  kind  of  stress  produced  by  the 
loads  applied,  repetitive  tests  are  defined  as  tension-, 
transverse-,  universal-transverse-,  torsional-, 
alternate-tension-, crushing-, impact-tension-, 
i  m  p  a  c  t-c  rushing-,  impact-transverse-,  impact- 
torsional-,   repetitive   -   tests,  etc.,  etc. 

312.  The  results  of  all  these  tests  is  this:     ''Any  such 
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Stress  will  produce  rupture  of  the  test-piece  after 
a  very  great  number  of  repetitions  thereof, 
only  in  case  the  stress  invariably  applied  (here- 
after called  initial  stress  S^)  exceeds  a  certain 
amount  characteristic  of  each  material.  This 
limiting  stress  was  called  the  factor  of  resilience 
(Arbeitsfestigkeit  (T^vO  byLaunhardt. 

2.  Variability  of  Proportioual  Limit  and  of  Yield-point. 

313.  Since  the  time  that  tests  were  made  with  some  de- 
gree of  accuracy,  it  has  been  a  known  fact  that  application  of 
stress  beyond  a  certain  limit  produces  modification 
of  properties  of  material.  The  modifications  relate 
especially  to  the  position  of  "  Proportional  Limit  "  and  "Yield- 
point.'*  When  briefly  discussing  the  phenomena  of  residuary 
stress,  it  was  demonstrated  that  material  does  not  im- 
mediately return  to  a  condition  of  rest  after  a  change  of 
stress,  and  does  not  at  once  assume  the  condition  of  equilib- 
rium due  to  this  new  stress  (jj),  and  that  it  required  the  lapse 
of  minutes,  days,  months  and  years  before  changes  of  length 
ceased. 

314.  The  phenomena  now  to  be  discussed  are  of  a  similar 
nature.  Bauschinger  {L  iii,  17S)  in  his  reports  of  tests 
of  wrought  iron,  low  steel  (Flusseisen)  and  other  metals  has 
noted  and  illustrated  them  in  a  manner  especially  appropriate 
for  our  purposes.  Earlier  as  well  as  more  recent  investigators 
have  also  collected  and  reported  upon  similar  experiments, 
Bauschinger's  tests  shall  here  be  discussed,  primarily 
because  they  are  particularly  suitable  to  elucidate  W  o  e  h  1  e  r  *  s 
earlier  determinations.  I  should  at  once  emphasize  that  the 
following  conclusions  enunciated  by  Bauschinger  must 
not  be  generalized,  but  are  empirical  deductions  limited  strictly 
to  the  materials  from  which  they  were  deduced,  although'  the 
probability  exists  that  they  apply  to  other  materials.^ 
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a.  If  forces  producing  tension  be  applied 
to  bodies  which,  beginning  at  o  produce 
increasing  stress  until  the  proportion al  limit 
is  exceeded,  this  limit  will  be  modified,  provided  the 
material  is  not  already  in  a  condition  which  has  been  produced 
artificially.  If  the  material  be  again  loaded  immediately  after 
release,  and  the  new  P-limit  be  determined,  it  will  be  found  at 
a  point  higher  than  the  original  P-limit.  If  the  stress 
be  gradually  increased,  under  repetitive  test,  beyond 
that  producing  exaltation,  a  further  exaltation  of 
P-limit  will  be  produced,  up  to  the  instant  at 
which  the  K-point  is  reached  or  slightly  surpassed.* 

If  the  stress  at  original  proportional  limit  and  yield- 
point  be  designated  by  Spo  and  Syoy  si^d  as  a  further  pre- 
cision indicating  the  initial  stress,  that  stress  which  will 
exalt  them,  by  5^,  and  making  the  fundamental  assumption 
for  all  of  the  following- considerations  that  the  initial  limits 
of  the  material  are  characteristic  of  it  in  its  natural  state, 
hence  that  they  have  not  been  in  any  manner 
modified  artificially  heretofore,  then  a  diagram  of  the 
law  just  stated  can  be  plotted. 

Graphical  representation  shall  also  be  resorted  to  for  the  elu- 
cidation of  the  following  laws,  and  like  occurrences  shall  be 
plotted  in  like  manner.  The  kind  of  stress  (initial  stress)  is 
indicated  by  broken-dotted  arrows,  the  modifications  of  P-limit 
by  fine  and  those  of  F-point  by  heavy  arrows.  The  changes 
of  P-Iimit  and  F-point  due  to  tension  stress  are  indicated  by 
full,  those  due  to  crushing  stress  by  dotted,  lines.  Stress  is 
plotted  upwardly  with  reference  to  axis  of  X  for  tension,  and 
downwardly  for  crushing. 

*From  these  facts  the  conclusion,  very  important  under  certain  con- 
ditions in  testing  materials,  may  be  drawn :  that  release  of  load 
within  the  i'-limit  is  not  permissible  when  the  determina- 
tion of  the  latter  is  one  of  the  objects  of  the  test.  There  are  still  other 
reasons  which  make  the  release  of  load  during  the  test  seem  inadmissible 
under  certain  conditions. 
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Under  these  assumptions  the  law  stated  above  under  a  is 
plotted  in  Fig.  208  up  to  the  limit  a. 

b.  Under  increasing  initial  stress  (part  ^, 
Fig.  208)  the  P-limit  rises  up  to  a  maximum, 
and  at  the  instant  of  reaching  the  original 
F- 1 1  m  i  t  ( Y^  the  -P-limit  decreasesquite  ma- 
terially. If  the  F- point  be  greatly  exceeded, 
the  P-limit  may  drop  to  o  (part  b,  Fig.  208). 

c.  If  the  bar  remain  quiescent  after  appli- 
cation of  stress,  the  P-limit  will  rise  in 
course  of  time,  rapidly  at  first,  then  more 
slowly;  it  may  rise  beyond  the  original 
F-point^in  course  of  years,  and  occasionally 
even  beyond  the  preceding  initial  load 
(part  c.  Fig.  208). 

^.  By  applying  an  initial  stress  greater 
than  that  at  the  original  F- point,  the  latter 
is  also  raised,  and  in  fact  immediately  after 
loading.  When  at  rest  after  release  the 
F- limit  will  in  course  of  time  rise  above  the 
initial  stress  (part  d^  Fig.  208).  This  rise  is 
plainly  visible  even  after  one  day,  but  continues  for  weeks, 
months  and  years. 

e.  Applying  initial  stress  beyond  the  origi- 
nal F- point  also  lowers  the  modulus  of  elas- 
ticity  £  =  —  (i.e.,   the   factor   of   elongation   is  increased), 

Fig.  209.  When  at  rest  after  r  el  ease,  the  modu- 
lus of  elasticity  again  increase^ s,  but  more 
slowly  than  the  P-limit.  After  several  years  it  will 
be  found  to  have  risen  considerably  above  its  original  value. 
(N.B. — B auschinger  gives  several  exceptions.) 

f.  If  the  P-Hmit  and  F-point  have  been  raised  by  rest 
after  release  from  initial  stress  greater  than  that  at  these 
points,  severe  jarring,  such  as  is  produced  by  cold  ham- 
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mering,  will  again  lower  the/'-limitand  F- point, 
Fig.  210.  The  P-limit  will  return  quite  to  its  original  value, 
if  hammering  has  not  produced  extension  of  the  bar  (d  Fig. 
210).  But  if  hammering  has  produced  extension  the  P-limit 
will  drop  slightly,  but  not  to  its  original  value*  {c,  Fig.  210). 

^.  If  the  P-limit  and  F-point  have  been  raised  by  rest  after 
release,  high  heating  will  again  depress  these 
points,  Fig.  211.  The  method  of  cooling  plays  an  im- 
portant part  in  this  case,  because  rapid  cooling  of  a  heated  bar 
acts  more  effectively  than  slow  cooling.  The  effect  of  heating 
iron  [in  Fig.  211,  F  refers  to  low  steel  (Flusseisen)  and  S  to 
wrought  iron]  does  not  begin  below  662®  F.  (350''  C).  Even 
tenfold  heating  below  this  point  does  not  produce  any  change 
of  the  P-limit.  The  change  becomes  noticeable  in  low  steel 
(Flusseisen)  at  662°  F.  (350°  C.)  if  cooling  occurs  rapidly  (full 
arrows),  and  at  842*^  F.  (450°  C.)  when  cooling  slowly  (dotted 
arrows).  In  case  of  wrought  iron  both  actions  commence  at 
752®  F.  (400°  C).  Depression  of  /^-limit  and  of  F-point  was 
greater  under  higher  heating ;  it  is  more  active  at  the  P-Iimit 
than  at  F-point  (Bauschinger  gives  exceptions  to  this 
rule).  Heating  to  932°  F.  (500°  C),  but  positively  to  cherry-red 
heat  {k,  Fig.  211),  causes  the  P -limit  almost  to  vanish,  or  en- 
tirely so,t  and  in  case  of  wrought  iron  as  well  as  in  low  steel 
(Flusseisen).  Slow  cooling  even  after  previous  application  of 
red  heat  does  not  produce  such  great  depression  of  the 
P-limit. 

The  time  of  repose  after  heating  and  cool- 


*  It  is  difficult  to  understand  this  when  it  is  recalled  that  extension  bv 
hammering  must  have  the  same  effect  as  though  produced  by  tensile 
stress.  Hence,  according  to  law  d,  a  markedly  depressing  effect  should 
occur.     It  is  deemed  advisable  to  bestow  further  study  on  this  point. 

f  It  would  be  of  interest  to  determine  whether  vibrations  (tremor) 
could  again  augment  such  a  depressed  /'-limit,  for,  evidently,  it  does  not 
possess  its  correct  value.  Similarly  it  should  be  determined  whether 
powerful  electric  or  magnetic  excitation  could  modify  artificially  altered 
/^limits  and  K-points. 
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ing    has    no  further    effect    upon    the  P-limit 
and   F- point  depressed  by  heating. 

h.  If  initial  stress  between  limits  O  and  -(-  5 
be  oft  repeated  (oscillations  of  initial  stress  between  O 
a.nd  +  5),  and  if  S  remainsbetween  the  original 
P- limit  and  F- point, the  P-limit  in  course  of 
time  will  be  raised  even  to,  and  in  fact 
sometimes  materially  above,  the  initial 
stress,  and  beyondthe  original  F- point,  Fig. 
212.  This  augmentation  is  greater  as  the  number  of  oscil- 
lations increases,  without,  however,  being  able  to 
exceed  a  certain  maximum.  (Bauschinger 
mentions  exceptions  thereto.) 

u  \{  the  upper  limit  of  vibrations  be 
raised,  the  P-limit  cannot  ultimately  be 
raised  to  the  maximum  of  initial  stress,  even 
by  a  very  great  number  of  repetitions,  Fig.  213. 

k.  \i  the  augmented  P-limit  may  even  ex- 
ceed the  limit  of  initial  stress,  a  very  great 
number  of  repetitions  (several  millions)  will  not 
produce  rupture.  If,  however,  the  maximum 
initial  stress  exceeds  the  attainable  maxi- 
mum of  the  P-limit,  rupture  must  occur  after 
a  limited  number  of  repetitions. 

/.  Maximum  stress  S^fis  niot  depressed,  but 
rather  raised,  by  million-fold  repetition  of 
initial  stress,  if  the  bars  be  ruptured  by  steady  load 
thereafter. 

Unfortunately  Bauschinger's  tests  do  not  enable  us 
to  deduce  facts  relating  to  modification  of  deformability  e% 
and  cit  with  sufficient  definition.  From  general  technical 
experience  we  may,  however,  conclude  that  deformability  is 
gradually  exhausted  by  oft-repeated  initial  stress,  if  the  initial 
stress  exceeds  the  values  indicated  in  law  k.     Further  investi- 
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gations  of  this  question  would  be  of  great  interest,  especially 
if  it  were  determined  to  which  degree  eit>  and  cii  would 
become  modified  under  conditions  stated  in  h  and  1. 

Thus  far  the  effects  on  P-limit,  F-point,  and  maximum 
stress  for  tension  produced  by  initial  tensional  stress  have 
been  considered.  These  tensional  initial  stresses, 
however,  also  affect  theP-limitandthe  K-point 
for  crushing-stress.  The  crushing  initial 
stress,  on  the  other  hand,  also  affects  the-j--^- 
limit  and+J^"  point  for  tension.  The  laws  gov- 
erning these  effects  are  the  following : 

m.  Initial  stress  greater  than  the  original 
4-P- limit  depresses  the  original  — P-limit^ 
and  more  largely  as  the  initial  stress  is 
greater.  Fig.  214.  Even  relatively  slight 
transgression  of  the  -|-P- limit  depresses  the 
—  P'W  mit  to  o. 

Initial  stress  above  the  original  —  P-limit  likewise  de- 
presses  the  +  /^-limit  to  o. 

n.  If  initial  stress,  alternately  tension  and  crushing, 
in  reverse  sense  increase  the  —  P-  and  the  +  P-limits  (corre- 
sponding to  law  ^.),  and  then  transgress  them,  the  P- 1  i  m  i  t 
for  the  reverseinitial  stress  will  immediately 
be  depressed  to  o,  Fig.  215. 

The  time  of  repose  after  release  has  no, 
or  at  most  slight,  effect  under  these  condi- 
tions, i.e.,  the  P-limits  for  tension  and  crushing,  depressed 
by  opposite  initial  stress,  certainly  does  not  recover  within  at 
least  3  or  4  days,  nor  in  the  next  few  weeks,  or  but  slightly, 
Fig.  221. 

0.  A  P-limit  depressed  by  a  contrary  initial  stress 
greater  than  the  original  P-limit  may  again  be  ex- 
alted by  gradually  increasing  alternate 
tension-crushing  initial    stress,  but  onlyto 
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a  point  whichis  considerably  lower  than  the 
relative  original  P- limit,  Fig.  216.* 

/.Gradually  increasing,  alternate  ten- 
sion-crushing, i  n  i  t  i  a  1  s  t  r  e  ss  can  produce 
depression  of  the  P-limit  for  contrary 
stress  only  if  the  initial  stress  exceeds  the 
original  jP-lim  i  t,  Fig.  217. 

g.  11  the  exaltation  of  yield-point  is  dependent  upon  the 
value  of  previously  applied  initial  stress  (laws  a  and  6),  it 
might  be  supposed  that  this  exaltation  would  vary  in  diflferent 
parts  of  a  bar  subject  to  tension-stress.  And  in  fact  this 
exaltation  ought  to  be  greater  at  the  middle  than  at  the  ends, 
at  the  gorge  than  at  parts  uniformly  reduced,  if  the  bar  be 
ruptured  by  repetition  of  initial  stress,  with  intermittent 
periods  of  rest;  i.e.,  the  shape  of  diagram  of  deformations (/jj) 
must  be  changed. 

r.  To  test  the  accuracy  of  this  surmise,  I  had  five  cylindri- 
cal test-pieces  of  0.8  in.  (2.0  cm)  diam.  prepared  from  a  bar  of 

low  steel  (Flusseisen)  of  /  =  12.5  Va,  and  tested  in  such 
manner  that  the  bars  were  first  loaded  to  produce  stress 
=  Sm'      Then    the    elongations    of    length    divisions    (/  = 

0.s6^Va)  were  measured,  and  thereupon,  after  different 
periods  of  rest,  again  loaded  until  they  began  to  extend 
anew,  measured  and  the  process  repeated  ;  the  tests  were  made 
with  use  of  the  autographic  recorder  of  the  machine.  Al- 
though the  diagrams  thus  obtained  do  not  show  the  true 
elongation  of  the  test-bars  (the  motion  of  the  drum  being  de- 
rived from  parts  of  the  machine),  they  nevertheless  give  a 
more  rapid  and  more  readily  comprehensible  view  than  tables 
of  figures ;  they  are  therefore  grouped  in  Fig.  218. 

To  the  first  diagram,  which  represents  the  behavior  of  the 
material  in  its  original  condition  of  each  bar,  are  added  the 

*  It  may  be  surmised  that  tremor  (shock)  and  annealing  act  similarly^ 
but  it  should  be  confirmed  by  test. 


266 


A.    Resistance  of  Materials. 


(314.) 


Table 

2  5. 

.    Effect  of  Repeated  Elongration  and  Repose  on  th(^  Dia 

Elongation  of  Individual  Divisions 

No.  of 

1 

Divisions. 

^ 

A 

1 

X 

s 

3 

4 

5 

6 

7 

8 

9 

X 

a 

3 

4 

5 

6 

7 

e 

9 

Bftr 

No.  1 

L.  a 

=  3.1 

5»q. 

cm;  Sy 

=  3370  at. 

Bar  No.  2.  tf  =  3.1 

7  sq.  cm;  Sy=  3860 at. 

o-i 

«4 

>5 

IS 

«s 

'5 

16 

>5 

«5 

>5 

»5 

16 

x8 

18 

x8 

18 

x8 

18 

17 

x-a 

x6 

15 

15 

x6 

x6 

16 

17 

>7 

18 

19 

19 

18 

18 

«9 

«9 

19 

19 

18 

a-3 

»7 

ao 

ao 

ao 

ax 

BX 

ax 

aa 

ao 

«9 

so 

ao 

ao 

ao 

ao 

ao 

ao 

30 

3-4 

»7 

»7 

x8 

19 

ao 

19 

»9 

x8 

«9 

«9 

*? 

19 

»9 

19 

X9 

'9 

\t 

x8 

^"5 

19 

ao 

»9 

ao 

ao 

ao 

aa 

aa 

aa 

»7 

x6 

«7 

>7 

18 

t8 

18 

>9 

s-6 

>9 

19 

ao 

ax 

ao 

ai 

ax 

ax 

at 

»7 

>7 

x8 

18 

'7 

17 

>7 

»7 

18 

6-7 

19 

ao 

ai 

ao 

23 

aa 

aa 

aa 

aa 

17 

18 

19 

19 

18 

18 

18 

18 

«7 

7-« 

at 

aa 

aa 

24 

23 

25 

'1 

'1 

23 

18 

18 

>7 

18 

»9 

«9 

«9 

>9 

>9 

8-^ 

ai 

aa 

23 

24 

24 

24 

a6 

a6 

a6 

'9 

«9 

ao 

19 

ao 

ao 

ax 

at 

30 

9-10 

90 

23 

23 

»5 

a6 

a6 

a6 

a6 

a6 

aa 

23 

24 

U 

23 

aa 

ax 

ax 

11 

10-xi 

ax 

33 

a4 

24 

25 

a6 

25 

a6 

a6 

23 

aa 

25 

25 

a8 

30 

30 

30 

XI-I3 

aa 

aa 

23 

24 

24 

24 

24 

25 

25 

25 

25 

25 

27 

29 

a8 

29 

29 

3° 

ia-13 

ao 

32 

at 

23 

25 

24 

a6 

25 

25 

aa 

24 

25 

27 

27 

29 

28 

a8 

38 

13-X4 

at 

aa 

24 

27 

25 

a6 

24 

27 

27 

«3 

86 

25 

27 

a6 

a6 

27 

27 

27 

X4-15 

at 

»3 

25 

24 

29 

30 

3» 

30 

3^ 

23 

25 

25 

25 

a6 

25 

24 

a6 

27 

15-10 

aa 

aa 

24 

27 

30 

33 

38 

45 

58 

aa 

24 

25 

a6 

27 

30 

3« 

3»  . 

32 

16-17 

ax 

23 

a6 

27 

29 

35 

35 

44 

77 

23 

25 

16 

a8 

3° 

32 

34 

43 

78 

17-18 

ax 

aa 

25 

a6 

a8 

27 

33 

30 

30 

24 

24 

25 

aB 

a8 

30 

33 

36 

43 

18-19 

ao 

at 

ai 

at 

23 

a6 

aa 

30 

24 

ao 

19 

24 

24 

24 

a6 

24 

36 

23 

19-90 

17 
«9-5 

19 

30.6 

18 
at. 4 

ao 
aa.4 

ao 
233 

ao 
a4.t 

>9 
24-5 

ao 
257 

ao 

19 

19 
at. 4 

ao 
ax. 8 

ao 
aa.4 

ax 

aa.8 

ao 
a3-3 

at 
33.6 

3X 

24.4 

25 

Mean  Dif- 

277 

ao.3 

26.5 

ferences. 

19.5 

I.X 

0.8 

x.o 

0.9 

0.8 

0.4 

x.a 

a.o 

ao.3 

X.I 

0.4 

0.6 

0  4 

0.5 

0.3 

0.8 

2.x 

Time: 

Minutes 

0 

30 

70 

90 

100 

no 

»30 

160 

«65 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Days 

— 

_^ 

— 

— 

0 

X 

a 

3 

4 

5 

7 

8       9 

Repose: 
rMin.) 
Days 

(0) 

(30) 

(40) 

(>o) 

(w) 

(10) 

(ao) 

(30) 

(5) 

0 

I 

I 

I 

I 

X 

a 

X 

X 

Smallest 

rt|  sq.  cm 

a. 61 
5490 

3.57 
5500 

2.54 
5505 

a. 50 
5510 

2.43 
5500 

2.35 
5490 

2.37 
5420 

2.06 
5400 

1.47 

2.60 

2.57 
5650 

2.54 
5630 

a.5t 
5640 

2.49 
5610 

2.45 
5520 

a. 40 
5560 

2.33 

5500 

3.39 

Siac 

5610 

5340 

^,  =  -.at. 

6630 

6750 

68ao 

6940 

7iao 

7360 

7550 

8a6o 

xxooo 

5830 

6980 

70x0 

7x10 

7xao 

7x50 

7320 

7520 

74x0 

^i 

k'«  = 

34  0 

4;  ei 

^ii't 

=  29  s*; 

C  =  S4%\    1 

*%t 

>•  =  33-6J^  ^ 

lo-t  =  29  0^;  c  =  43%; 

•^■j 

r=5 

510  a 

Lt.;  i 

'B  = 

5130 

at. 

1 

•^J 

r  =  5< 

S5oa 

t.;  S 

E- 

5340 

at. 

diagrams  obtained  during  each  repetition  of  stress.  The 
periods  of  rest  were  the  shortest  possible  in  No.  i ;  in  bar  No. 
2  they  were  one  day  ;  in  bar  No.  3,  originally  one  week ;  un- 
fortunately, change  of  assistants  and  pressure  of  work  caused 
a  greater  interruption  which  made  its  disturbing  effect  notice- 
able. For  bar  No.  4  a  period  of  rest  of  one  month,  and  for  No. 
5  of  six  months  had  been  contemplated.  These  arrangements 
could  not,  however,  be  adhered  to,  as  is  shown  by  Table  25, 
which  also  contains  the  changes  of  yield-points,  referred  to  the 
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original,  and  to  the  smallest  section  found  in  each  case  just 
previous  to  again  applying  initial  stress. 

s.  From  diagrams  in  Fig.  218  it  will  be  seen  that  the  effect 
of  repose  on  exaltation  of  the  K-point  is  plainly  visible,  is 
marked  in  No.  3  (one  week's  repose),  and  is  more  strongly  re- 
corded in  Nos.  4  and  5.  This  exaltation  is,  however,  most 
noticeable  in  later  tests  of  Nos.  3,  4,  and  5,  made  after  greater 
periods  of  rest* — a  confirmation  of  Bauschinger's  law 

*  The  results  could  be  plotted  in  the  diagrams  onljr  as  isolated  points, 
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d  {J^4)'  The  first  section  of  the  law,  viz.,  that  the  F-point  is 
immediately  exalted  nearly  to  the  value  of  the  previous  stress, 
agrees  with  daily  experience  of  most  materials ;  it  can  be  di- 
rectly verified  in  diagrams  of  bars  Nos.  I  and  2.  The  groups 
of  curves  especially  in  case  of  No.  I  are  hardly  different  from 
the  curve  which  would  have  been  obtained  during  a  continuous 
test  without  intermittent  repose.  Bars  Nos.  3  to  5,  on  the 
other  hand,  show  characteristic  exaltation  beyond  the  stress 
previously  applied. 

/.  Still  referring  to  the  diagrams,  attention  is  called  to  the 
short  extension  of  the  curves  dyring  individual  repetition  of 
stress.  While  these  short  lines  in  case  of  bars  Nos.  i  and  2 
follow  the  general  curve  up  to  rupture  obtained  without  re- 
lease very  closely  (in  contradistinction  to  the  longer  parts  of 
curves  up  to  the  new  F-points),  the  repetitions,  especially  of 
bars  Nos.  4  and  5,  show  an  immediate  drop  of  the  line  after 
reaching  the  new  F-point.  This  might  have  been  due  to  the 
method  of  test  (the  tests  were  made  on  the  50ton  Pohlmeyer 
machine),  or  the  character  of  the  first  F-point  of  the  material 
repeatedly  developed  and  very  clearly  shown  in  Nos.  2  to  5. 
When  testing  very  slowly,  to  avoid  as  much  as  possible  the 
effect  of  inertia  of  masses  of  the  weighing  apparatus,  the  line 
frequently  drops  suddenly,  as  shown  in  Fig.  219  on  a  larger 
scale  for  different  cases,  then  usually  showing  continued  rapid 
yield  after  several  oscillations  of  the  beam,  which  is  character^ 
istic  for  many  kinds  of  iron,  until  regular  rise  of  curve  again 
takes  place.  The  oscillations  as  shown  at  a  indicate  oscilla- 
tions of  pendulum  about  its  position  of  equilibrium  which  it 
would  assume  if  the  drop  did  not  occur  so  suddenly.  At  t 
the  curve  for  the  latter  case  is  shown. 

Now  that  greater  attention  has  recently  been  paid  to  this 
phenomenon    at    the    F-point,*  it    may  be   important    to    ask 

because  the  new  K-point  and  permanent  extension  alone  could  be  deter* 
mined  after  test. 

*  Discussions  of  various  allotropic  conditions  of  iron  were  based  there- 
un  (O  s  m  o  n  d  and  others). 
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whether  the  rapid  drop  following  exalted  K-point  is  similar  to 
the  phenomenon  at  F-point  in  original  condition  of  material  ? 
I  shall  recur  to  this  point. 

«.  In  order  to  test  the  previous  question  {q),  I  plotted  the 
diagrams  of  elongation  (which  are  to  be  discussed  at  greater 
length  elsewhere)  for  each  test  individually,  and  plotted  the 
curve  of  averages  as  conforming  as  closely  as  possible  to  indi- 
vidual curves.    The  curves  of  elongation  were  then  grouped  in 
Fig.  220.*     These  diagrams  indicate,  what  must  still,  however, 
be  verified  by  a  great  number  of  tests  of  other  material,  that 
"all   parts   of   the  entire  bar  when  tested   in    original 
condition,  i.e.,  repeatedly  without  intermittent  repose, 
under  initial  stress,  take  part  in  the  increment  of  elonga- 
tion, but  that  the  major  part  thereof  occurs  at  that  part 

« 

which  has  been  most  largely  strained  during  the  first 
application  of  load." 

The  shape  of  the  curves  shows  plainly  how  contraction  takes 
place.  In  bar  2  the  lines  lie  closer  together  from  the  beginning, 
but  a  second  contraction  has  also  taken  place  in  tests  6-9  to 
the  left  of  the  principal  point  of  contraction,  and  at  a  point 
which  also  extended  considerably  even  at  the  beginning  of  the 
test.  The  curves  in  3  to  5  are  essentially  coincident,  only  that 
increased  extension,  due  to  repetition  of  stress,  occurs  at  the 
point  of  greatest  initial  extension.  In  these  tests  the  divisional 
extensions  produced  by  repetition  of  initial  stress  has  been 
taken  smaller  than  in  the  previous  cases,  so  that  further  de- 
ductions must  not  be  made  from  the  striking  differences. 

I  hope  that  these  unanswered  questions  will  be  further 
studied  by  others. 

V.  Later  tests  of  determinations  of  elastic  behavior  of  ma- 
terials, such  as  those  of  Bach  (Z  //-?,  /j(5,  /J7),  H  a  r  t  i  g 
{L  779,  180),  Martens  {L  Toy,  10^,  757),  and  others,  have 
undoubtedly  demonstrated  that  changes  of  condition  of  mate- 

*  Similar  diagrams  were  recently  drawn  by  Pralon  {L  102^  Vol.  III. 
p.  77-101). 
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rials  take  place  under  every  application  of  load,  but  determin- 
able only  by  sufficiently  accurate  measuring  instruments.  If 
material  be  repeatedly  stressed  and  released  consecutively,  the 
readings  usually  vary  during  each  change  between  the  two 
limits  of  stress.  After  a  definite  number  of  repetitions  they 
assume  a  definite  value,  as  the  permanent  deformation  becomes 
less  and  less  after  each  release,  until  finally  elastic  deformation 

is  alone  produced.  Deformations  for  unit  of  stress  (;j^),  fac- 
tors of  extension,  of  deflection,  etc.,  calculated  from  the  defor- 
mations in  ultimate  condition  of  perfect  elasticity,  are  not 
usually  constant  values.  They  vary  in  many  cases  rather  with 
the  magnitude  of  the  limits  of  initial  stress  producing  them. 

As  it  will  be  necessary  to  devote  greater  attention  to  these 
facts  in  future,  I  here  desire  to  reproduce  in  Table  26  the 
results  of  tests  of  leather  belts,  referring  at  the  same  time  to 
the  publications  previously  quoted,  as  made  by  my  students  in 
their  regular  course  of  studies.  These  tests  are  plotted  in 
Fig.  221.  Particular  attention  is  called  to  Bach  {L  137^  182) 
because  of  the  importance  of  these  results  on  questions  relat- 
ing to  leather-belt  transmission. 

The  tests  were  made  on  a  piece  of  leather  which  had  560 
days  previously  been  once  tested  to  rupture.  The  sample  of 
leather,  size  (0.8  X  lO.O  =  8.00  sq.  cm)  0.312  X  3.9  in.  = 
1.2 1 7  sq.  in.  and  weight  of  i  lb.  per  ft.  (0.75  kg/m),  was  pro- 
vided with  gauge-marks  Ig  =  40  in.  (100  cm)  on  Dec.  5  and 
12,  1896.     Tests  then  gave  the  results  given  in  Table  26. 

The  full  lines  in  Fig.  221  relate  to  the  first,  the  dotted  lines 
to  the  second,  test  made  after  a  7  days*  repose.  The  hatched 
areas  between  the  fine  lines  indicate  the  limits  between  which 
deformations  under  repetitive  stress  take  place.  The  varia- 
tion of  inclination  of  these  areas,  due  to  increasing  stress,  and 
the  trend  of  the  two  lines  a'\  indicate  the  course  of  variations 
of  the  factor  of  extension  Cf  for  the  perfectly  elastic  condition ; 
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it  diminishes  with  increasing  stress,  and  changes  with 
tion  of  test,  after  previous  repose. 

Table  36.    T«8t8  of  the  Elastic  PropertlM  of  a  Leatlier 
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The  well-known  and  frequently  accurately  observed  modi- 
fications which  many  metals  undergo  during  cold  working, 
such  as  wire-drawing,  cold  rolling,  hammering,  etc.,  may  be 
classed  among  the  modifications  of  properties  here  discussed, 
because  they  relate  particularly  to  the  elastic  limit  and  yield- 
point  in  the  cases  named. 


2/2  A.    Resistance  of  Materials.  (315,  316.) 


3.  Types  and  Methods  of  Woehler's  Repetitive  Tests. 

315«  Although  the  description  of  machines  for  repetitive 
tests  shall  be  reserved  for  a  later  section,  it  will  be  advisable 
to  hexe  discuss  their  principles  of  construction,  especially  those 
of  the  W  o  e  h  1  e  r  machines,  to  facilitate  comprehension  ; 
later  description  may  then  be  brief. 

In  repetitive-test  machines  the  same  essential  parts  may  be 
defined  as  in  other  testing-machines  (^-?);  they  shall  be 
similarly  designated. 

316.  For  tension  loading,  Woehler  constructed 
his  machine  according  to  principles  idealized  in  Fig.  222. 
Load-indication  is  effected  by  the  spring  /^acting  on  lever  Ay 
depressing  it  against  the  stop  G.  By  means  of  nut  H  any 
desired  tension  may  be  imparted  to  the  spring.  Lever  A  is 
connected  to  B  by  the  cross-head  C,  supported  by  a  vibrator 
EJDM.  The  lever  B  carries  one  holder  for  test-piece  Z, 
which  is  held  by  the  frame  of  machine  by  the  adjustable  nut 
K,  The  machine  is  driven  by  a  shaft  having  an  eccentric, 
which  reciprocates  M,  The  lever  D  transmits  this  motion  by 
adjustable  sleeve  /  and  spring  E  to  the  intermediate  cross- 
head  C, 

Whenever  the  spring  E  is  strained  by  lever  Dy  stress  will 
be  produced  in  C  which  is  equal  to  half-stress  in  £.  Adjust- 
ment of  nut  y  gradually  increases,  until  that  part  of  the  force 
acting  on  A  is  just  able  to  raise  the  lever  from  the  support  G. 
At  this  moment  this  force  has  precisely  that  value  to  which  it 
is  to  be  raised  by  the  spring  F,  The  force  acting  at  the  other 
end  of  C  has  the  same  value,  because  the  two  arms  of  C  are 
equal  in  length.  This  force  is  transmitted,  magnified  tenfold, 
by  lever  B  to  the  test-piece,  the  maximum  stress  in  which  is 
thus  regulated  by  tension  of  spring  E. 

The  lever  D  is  attached  to  J  by  an  open  link,  so  that  up- 
ward  motion  of  D  after  complete  release  of  E  produces  no 


(317.  3i8.)  Types  and  Methods  of  Wobhlrr's  Tests.  273 

inverse  stress  in  that  spring.  In  this  case  £  to  a  certain 
degree  assumes  the  functions  of  a  rigid  member ;  the  test- 
piece  is  acted  upon  by  a  change  of  stress  from 
o   to   that   in   F   for   each   stroke   of  D. 

If,  however,  the  nut  J  be  so  adjusted  as  to  strain  the 
spring  E  when  D  is  in  its  initial  position,  the  test-piece  L  will 
also  be  subject  to  stress  in  this  initial  condition;  and  the 
variation  of  stress  will  take  place  between 
definite  minimum  and  maximum  limits.  The 
lower  limit  will  also  be  regulated  by  the  indicating-spring  F^  as 
was  shown. 

317.  Woehler  constructed  his  machine  for  repeti- 
tive transverse  tests  on  the  same  principles.  The 
load-indicator  and  its  method  of  operation  remain  the  same ; 
test-piece  Z,  Fig.  223,  takes  the  place  of  lever  C.  The  nuty  is 
adjusted  until  the  lever  A  just  rises  from  the  stop  G,  under 
the  effect  of  the  power  applied  at  M,  The  spring  F  deter- 
mines the  resistance  of  bearingSj  and  hence  the  maximum 
stress  in  the  bar.  If  the  stress  is  to  alter- 
nate between  definite  minimum  and  maxi- 
mum values,  the  desired  bearing-resistance  at  L  is  pro- 
duced  by  first  adjusting  F  to  the  minimum  stress,  and  then, 
after  producing  the  desired  deflection  and  stress,  -A^is  adjusted 
so  far  as  to  maintain  this  deflection  of  bar  and  prevent  release 
«ven  when  lever  D  is  entirely  released.  Now  the  spring  F  is 
adjusted  to  the  bearing-resistance  under  maximum  stress,  and 
J  is  adjusted  so  that  the  stroke  of  D  just  releases  the  lever  A 
from  stop  G. 

318.  In  machines  (Fig.  224)  used  for  tests  by  universal 
transverse  stress,  Woehler  arranged  them  in  such  manner 
that  the  bar  was  fixed  in  a  shaft  fF revolving  in  bearings  A  and 
B^  driven  by  a  pulley  5.  The  spring  /^acting  at  the  free  end 
of  the  bar  L  produces  the  desired  transverse  stress.  All  fibres 
beyond  the  neutral  axis  are  subjected  to  alternating  tensional 
and  crushing  stress  during  each  revolution.     In  this  type  of 
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loading  the  maximum  stress   exists   only   in   the   dangerous 
section,  at  the  edge  of  the  grip  or  holder. 

319.  Woeh  le  r  *  s  machine  for  repetitive  tor- 
sional  stress  is  based  on  the  following  scheme,  Fig.  225. 
It  is  arranged  for  right-  as  well  as  for  left-hand  torsional 
moments,  and  also  for  alternation  of  these.  Loads  are  indi* 
cated  by  springs  F  and  F^  as  before.  The  test-bar  is  placed  at 
L  normal  to  the  plane  of  the  illustration,  having  the  double 
arm  BB^ ,  at  one  end  and  operated  by  the  lever  D  at  the  other. 
When  D  oscillates,  either  N  or  N^  act  as  stops  for  the  ends 
of  levers  A  and  A^y  which  are  raised  from  stops  C  and  (7,. 
This  produces  a  definite  torsional  moment. 
If  alternating  right-  and  left-hand  moments  are  to  be  used,, 
screws  iVand  N^  must  be  adjusted  in  such  manner  that  levers 
A  and  A^  are  just  raised  clear  of  stops  G  and  G^  by  each  full 
stroke  of  D. 


4.  Results  of  Woehler's  Tests. 

330.  Although  Bauschinger's  laws  still  require  fur- 
ther amplification  and  proof  for  their  general  applicability,  they 
have  nevertheless  already  opened  the  path  of  correct  knowl- 
edge of  occurrences  during  repetitive  tests. 

According  to  law  k  (314)  it  may  be  expected  that  a  body 
may  bear  an  infinite  number  of  repetitions  of  load  between  o 
and  a  maximum  limit,  provided  this  upper  limit  be  so  fixed 
that  the  repetition  of  initial  stress  may  exalt  the  original 
/^-limit  to  a  value  above  that  of  the  maximum  initial  stress. 

For  the  case  of  alternating  tension  and  crushing  stress  the 
laws  n  and  0  {314)  make  it  seem  advisable  to  gradually  in- 
crease the  upper  limit  of  stress,  because  otherwise  there  might 
be  initial  excess  of  stress,  the  effects  of  which  cannot  again 
be  eliminated.  Sufficient  knowledge  in  this  matter  is,  how- 
ever, still  lacking,  as  the  phenomena  which  may  be  expected  to 
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take    place    under    these   conditions   cannot    be   exhaustively 
identified  in  Bauschinger's  laws. 

321.  The  object  of  repetitive  tests,  for 
various  kinds  of  stress  and  of  all  important 
constructive  materials,  is  to  determine 
that  stress  by  which  they  will  not  be  rup- 
tured under  very  numerous  repetitions 
thereof.  This  stress  was  called  the  factor  of  resili- 
e  n  c  e  ( J/^)  of  the  material  for  the  particular  stress, 

W  o  e  h  1  e  r  attempted  to  determine  these  limits  directly 
by  the  repetitive  test.  For  this  purpose  he  had  bars  of 
identical  shape  and  material  prepared,  and  tested  them  under 
varying  stress-limits,  determining  the  number  n  of  repetitions 
of  stress  which  ruptured  his  bars.  The  curves  constructed 
from  these  results  of  his  tests  seem  to  conform  to  definite 
laws,  and  the  limiting  stresses,  i.e.,  the  factors  of  resilience 
can  be  readily  derived  therefrom.  For  reasons  given  in  {jio) 
it  will  suffice  to  state  the  general  character  and  essential  drift 
of  the  results;  for  this  I  use  mainly  the  series  of  tests  of 
W  o  e  h  1  e  r  and  Spangenberg  {L  174.,  175), 

32S.  W  o  e  h  1  e  r  and  Spangenberg  used  bars  of  shape 
shown  in  Fig.  226  for  tension-tests  ( J/^,  Fig.  222),  the  points 
a  being  either  square  shoulders  or  filleted.  In  Fig.  227 
group  a  shows  the  number  of  repetitions  applied  sufficient  to 
rupture  such  a  bar  by  tension  when  under  stress  from  o  to  5^. 
The  number  of  repetitions  n  of  such  initial  stress  5^  increases 
with  decreasing  Sa  ;  the  average  curve  of  values  plotted  drops 
and  becomes  tangent  to  the  right  line  5^,  Fig.  228,  as  an 
asymptote.  This  right  line  represents  that  stress  S^  which 
no  longer  produces  rupture;  i.e.,  the  factor  of 
resilience  of  any  material,  under  repeti- 
tive tension-stress    between  o  and  +5;v 

The  factor  of  resilience  under  tension- 
stress,  under  the  conditions  stated,  may  be  assumed  as  fol- 
lows for  the  materials  investigated  : 
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A)  Tensile  stre'ss,  bars  with  filleted  shoulders : 

a)  Cast  steel,  Sj^=4266o  lbs.  per  sq.  in.  (3000  at.) 

^)  Wrought  iron,     "=28440       "      "     "     (2000  at.) 

c)  Cast  iron  and )        ,,        «  .,      .     .        ,^ 

L  ^  \  —  8532       "      "     «        (600  at.) 

^)  Bronze,  J  ^^  ^  ^ 

€)  PhosphorBronze,"  =  9954       "      **     "       (700  at.*) 

323.  Similar  curves  would  respresent  the  number  of 
repetitions  of  bending-stress  between  o  and  Sji  {317,  Fig.  223) 
producing  rupture  under  decreasing  stress  S^.  The  asymptote 
Sj^ ,  in  this  case,  is  again  found  as  in  Fig.  228. 

The     factor    of    resilience     under     bending- 
stress,  under  the  conditions  stated,  may  be  assumed  as  fol- 
lows for  the  metals  investigated  : 
E)  Bending-stress: 

^)Caststeel,  5^^  =  46900  lbs.  per  sq.  in.  (3300  at.) 

*)  Wrought  iron,"  =32700     **      "         "      (2300  at.) 
^)  Bronze,  "=11400     "      "         "        (800  at.) 

Similar  curves  are  also  obtained  for  repetitive 
transverse  tests  when  the  bars  are  simultaneously 
revolving,  producing  alternating  stresses  -f-  S^  and  —  S^, 
Under  these  conditions,  when  using  bars  of  shape  shown  in 
Fig.  229,  having  either  a  square  corner  or  a  filleted  shoulder,  the 
factor  of  resilience  of  the  materials  tested  was  found 
to  be  about : 
C)  Universal  bending,  filleted  shoulders: 

^)Caststeel,  S^^  25600  lbs.  per  sq.  in.  (1800  at) 

^)  Wrought  iron,  "=  18500        "      "     "      (i30oat.) 
<:)  Copper,  *'  =  11400        "      "     "        (800  at.) 

324.  The  same  material  may  be  subjected  to  an  initial 
stress  essentially  higher  if  the  stress  be  not  allowed  to  return  to 

*  These  values  cannot  be  generalized,  especially  as  the  character  of 
materials  has  totally  changed  during  the  last  decades  and  become  quite 
different  from  that  of  the  bars  used  by  W  o  e  h  1  e  r  and  Spangenberg. 


(324- ) 
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o,  but  maintained  between  a  minimum  and  a  maximum.  The 
results  of  such  tests  may  be  represented  by  curves  as 
in  Fig.  230  for  bending-stress  (j/7,  Fig.  223).  The  curves 
indicate  the  number  of  repetitions  s  producing  rupture 
of  the  material  when  alternately  stressed  between  limits  in- 
dicated by  the  ordinates  of  S^^^  and  Sa^^^  ;  the  abscissa 
indicates  the  number  of  repetitions  producing  rupture. 

If  stress-limits  which  produce  rupture  of  unhardened 
spring-steel  after  a  million-fold  repetition  be  selected  by  ap- 
proximate evaluation  from  the  Woehler-Spangenberg 
tests,  and  also  those  limits  which  no  longer  produce  rupture, 
or  for  which  «  =  00 ,  the  following  table  may  be  constructed 
under  the  assumptions  just  stated  : 

E)   Bending-stress  between  limits. 


a.    Upper 

maximum  at. 
0 

4000 

4790 

5470 

6150 

6840 

Lower 

minimum  at. 

0 

1300 

2200 

3300 

4100 

For  rupture  after  «  =  i  million 

Diflf.  S^^^   -  5    .     at. 
max.           mln. 

4000 

3490 

3270 

2850 

2740 

^.  Lower  Sa         minimum  at. 
For  rupture  after  «  =  « 

0 

• 

1500 

2500 

3800 

4500 

Diff. 

•^inax.  ~  *^inlii.  *^- 

3700* 

3290 

2970 

2250 

2340 

*  Upper  limit  for  Sj^in,  =  o  was  ^max.  =  37°^  *^' 

These  figures  make  it  apparent  that  the  value  of 
maximum  stress  is  not  alone  critical  for  re- 
sistance of  material  subject  to  repetitive 
stress,  but  that  the  amplitudes  or  variations  of 
stress  are  an  essential  factor.  The  more  the  upper 
limit  of  initial  stress  rises  the  smaller  must  be  the  amplitude  of 
stress,  if  rupture  is  not  to  be  produced  by  frequent  repetition 
of  stress. 


1 
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W  o  e  h  1  e  r  particularly  demonstrated  the  injurious  effect 
of  abrupt  changes  of  shape  of  constructive  details,  and  con- 
firmed an  old  experience  by  figures. 

W  o  e  h  1  e  r '  s  determinations  of  effect  of  unfilleted  shoul- 
ders are  expressed  by  the  following  numbers. 

His  repetitive  universal  transverse  tests  of 
filleted  and  unfilleted  test-pieces  cut  from  a  railway  carriage- 
axle  gave : 

Lbs.  per  aq.  in. 

a)  Wrought  iron,  filleted  bars,  5^  =  17,500  (1300  at.) 
^)  Wrought    iron,  square  corners,  Sj^r  =  14,200  (1000  at.) 

The  factor  of  resilience  in  cases  a)  and  d)  is  as  100:  yy. 

W  o  e  h  1  e  r  also  demonstrated  injurious  effect  of  omission 
of  fillets  under  effect  of  tensile  stress.  He  found  the 
number  of  repetitions  of  stress  producing  rupture  to  be : 

LtM.  per  sq.  in. 

a)  Steel,  under  5^=44,500     n  =  13.6  millions,  fillet 

3130  at.) 
^5^= 29, 1 50     »  =  00  "  sharp  corners 

(2050  at.) 

6)  Iron,  under  5^=35,ooo    « =  041       "  fillet 

(2460  at.) 
5^=35,000     n  =  0.04       "  sharp  corners 

(2460  at.) 

Or,  if  the  figures  compared  are  granted  to  have  been  found 
under  similar  conditions,  a  considerable  reduction  of  safety  by 
square  corner  is  shown. 

It  is  here  necessary  again  to  refer  to  the  contradictions  of  the  re- 
sults previously  discussed.  We  found  in  {90-104)  that  the  effect  of 
sharp  corners  is  to  augment  the  resistance  of  shouldered  bars,  and 
tests  of  threaded  bolts  showed  an  augmentation  of  nearly  20^. 
But  Woehler's  tests  demonstrate,  what  was  already  well  known, 
that  this  augmentation  of  resistance  does  not  in  any  sense  augment 
the  safety  of  the  structural  detail  which  has  unfilleted  shoulders; 
on  the  contrary,  the  safety  at  this  square  shoulder  seems  to  be  very 
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greatly  reduced;  the  degree  to  which  this  reduction  of  safety  is  car- 
ried is  sufficiently  shown  by  the  figures  just  given.  The  cause  of 
decrease  of  safety  seems  to  me,  however,  to  be  identical  with  that 
previously  assumed  in  (loo-ioj)  for  increase  of  resistance.  Aug- 
mentation of  resistance  occurs  because  the  deformability  of  the 
dangerous  section  is  decreased  by  sharp  corners.  Similar  causes 
also  decrease  the  factor  of  resilience.  Deformations  (longitudinal 
and  sectional)  distribute  themselves  over  a  greater  mass  of  material 
when  changes  of  shape  are  gradual  than  when  sharp  corners  are  pro- 
vided; the  resilience  of  the  unit  of  volume  at  the  dangerous  section 
is  taxed  to  a  lesser  degree  in  case  of  gradual  changes  of  shape. 


5.  More  Receut  Repetitive  Tests. 

325.  In  Woehler's  universal  repetitive  transverse 
tests  described  in  (j/<f,  Fig.  224)  (bending  while  revolving) 
the  bar  is  fully  stressed  at  the  dangerous  section  aloiie.  Hence 
the  modifications  of  properties  of  a  material,  and  possibly  of 
its  structure  due  to  the  resilience,  and  also  those  of  its  physi- 
cal properties,  which  might  be  expected  to  occur  in  accordance 
with  Bauschinger's  laws  ( J/^),  primarily  affect  but  a  very 
small  portion  of  the  bar. 

In  order  to  distribute  the  maximum  stress  over  the  greatest 
possible  length  of  bar  uniformly,  and  thus  to  secure  the  possi- 
bility  of  more  readily  determining  the  modifications  produced 
in  material  by  repetitive  tests,  I  constructed  the  machine 
shown  in  Fig.  23 1  for  the  Charlottenburg  Testing 
Laboratory  in  1885  on  such  a  plan  that  the  bar  L  has  the 
length  aa^,  and  may  revolve  in  the  bearings  A  and  ^„  but 
can  move  in  its  bearings  in  such  manner  that  the  bearings 
will  adjust  themselves  to  the  curve  of  the  middle  part  of  the 
bar.  If  equal  loads  /^and  F^  be  applied  at  the  ends  of  levers 
of  equal  length,  yia  and  A^a^,  the  entire  bar  will  be 
subjected  to  uniform  stress  while  its  section 
remains   constant. 

All  modifications  of  the  material  produced  by  repetitive 
universal  bending-stress  must  extend  over  the  entire  length  of 
bar   between    A    and   A^    uniformly.      A   subsequent   careful 
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tension-test  would  therefore  make  it  possible  to  more  readily 
identify  any  modifications  produced.  In  order  to  be  able  to 
make  a  tension-test  conveniently  and  rapidly,  that  part  between 
A  and  A^  is  so  formed  that  merely  separating  the  ends  a  and  a^ 
will  leave  a  standard  cylindrical  bar  of  0.8  in.  diam.  (2.0  cm). 

A  number  of  adjacent  parallel  bars  are  cut  from  a  large 
rolled  billet  for  a  series  of  test-pieces.  One  of  these  bars  is 
placed  in  the  machine,  subjected  to  an  excessive  initial  stress^ 
and  driven  until  rupture  is  produced.  As  the  factor  of  resili- 
ence can  only  be  determined  by  test  in  a  most  wearisome 
manner,  factors  of  resilience  used  were  actually  estimated  for 
these  tests.  These  estimations  were  frequently  erroneous 
because  of  the  great  differences  in  character  of  the  material 
available,  and  as  a  result  the  estimated  time  necessary  for 
these  tests  has  been  greatly  exceeded,  and  they  have  not  yet 
been  completed.  This,  to  my  mind,  is  a  proof  that  repetitive 
tests  must  be  very  largely  extended,  as  the  results  depend  to 
such  a  large  extent  upon  the  character  of  the  material  (L  iio^ 
p.  136).  After  producing  rupture  of  the  first  bar  the  dupli- 
cates are  placed  in  the  machine,  applying  the  same  stress,  ^,  f , 
J,  and  ^  times  the  number  of  repetitions  which  produced  rup- 
ture. The  ends  of  the  bars  are  then  cut  off  and  the  middle 
portion  tested  in  a  tension-machine.  The  results  thus  obtained 
are  then  compared  with  those  obtained  from  untreated 
standard  bars  cut  from  the  same  billet.  Besides  these  tests, 
the  material  is  subjected  to  microscopical  examination,  to  de- 
termine any  possible  modifications  of  structure  produced  by 
repetitive  stress. 

326.  Repetitive  tests,  as  previously  indicated,  have  also 
been  made  in  England  by  Kennedy,  and  in  the  United 
States  by  Howard  at  the  Watertown  Arsenal,  and 
by  Lanza  at  the  Massachusetts  Institute  of 
Technology  at  Boston,  and  others,  the  latter  using  a 
machine  very  similar  to  that  just  described  and  shown  in 
scheme  by  Fig.  232,     Like  parts  are  lettered  as  in   Fig.  231. 
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The  bar  L  is  stressed  through  lever  B  by  spring  Fy  and  is  re- 
volved 5CXD  rev,  per  min.  by  a  peculiar  resilient  coupling  and  a 
flexible  shaft.  The  load  on  the  spring  is  produced  by  the 
weight  G  on  the  lever  C\  the  adjustment  by  clamps  H.  It  is 
driven  by  an  electromotor  running  night  and  day.  The  elastic 
deflections  of  the  bar  during  repose  and  when  in  different 
positions  are  measured  from  time  to  time. 

3137.  I  constructed  a  machine  for  the  Charlotte  n - 
bu,rg  Testing  Laboratory  for  testing  material  under 
alternating  tension-  and  crushing-stress.  Its  principles  are 
shown  in  Fig.  233.  This  machine  has  been  used  mainly  for 
wire,  braided  strands  and  small  rope,  to  determine  the  relations 
between  diameters  of  driving-sheaves  and  the  construction  of 
rope-drives,  etc.  The  wire  to  be  tested  is  fastened  to  a  lever 
B  at  Ey  which  is  made  to  oscillate  about  the  fixed  point  A  by 
the  rod  M.  The  wire  loaded  by  weight  G  during  each  vibra- 
tion of  lever  B  hugs  the  cheeks  C  C,  which  are  shaped  to 
curvature  of  definite  radius.  Hence  the  wire  is  subjected  to 
reverse  bending-stress  in  addition  to  tension  during  each  vibra- 
tion. The  position  of  the  bending-point  A  relative  to  the 
cheek-pieces  C  is  so  chosen  that  the  lateral  vibrations  of  the 
test-piece  become  a  minimum. 

It  is  the  object  of  the  test  to  determine  the  number  of 
bends  which  a  wire,  a  strand,  or  even  a  rope  under  different 
construction  of  test-piece  may  bear  in  passing  around  sheaves 
of  definite  radius  under  simultaneous  tension-stress.  The 
diameter  of  rope-sheave  must  be  so  chosen  that  the  wear  of 
the  rope  is  a  minimum  under  maximum  efficiency  of  the 
drive. 

338.  In  {2J2)  I  have  already  described  another  machine 
constructed  by  me  for  the  Charlottenburg  Testing 
Laboratory,  in  which  ropes  and  rope  couplings  may  be 
tested  under  repetitive  impact  and  simultaneous  tension. 

329.  Woe  hie  r  also  made  repetitive  impact-tests,  to  de- 
termine the  effect  of  impact   of  wheels   on   rail-ends  at  the 


282  A.   Resistance  of  Materials.  (330-332.) 

joints.     In  his  case  a  power-driven  hammer  acted  on  the  heads 
of  rails  (Z  157), 

330.  A  similar  machine  designed  by  H.  Meyer  was 
exhibited  by  the  Western  Ry.  of  France  at  the  Exposition  of 
1878  in  Paris;  it  served  to  test  tires  mounted  on  wheel-centres 
ready  for  use,  by  a  definite  number  of  blows  of  a  I7iwlb.  (8-kg) 
hammer  {L  i8j,  p.  39).  The  management  had  had  more  than 
6500  tires  tested  by  blows  of  such  a  hammer  since  1875.  243 
tires,  or  about  2.3^  had  thereby  been  broken,  the  material  of 
which  (Bessemer  steel — the  material  and  methods  of  securing 
tires  at  present  in  use  are  quite  different)  was  invariably  recog- 
nized as  defective.  But  very  few  of  the  tested  tires  failed  in 
actual  service.  This  machine,  Fig.  234,  consists  of  a  spring 
cushioned  hammer  F,  operated  by  cam  D^  and  delivers  from 
50-60  blows  per  minute  on  the  tire  mounted  on  its  centre  R 
revolving  slowly  in  its  boxes  Z.  The  details  of  construction 
are  given  in  the  reference  on  Plate  VII. 

331.  B  u  e  t  e  {L  184)  made  repetitive  tests  to  determine 
the  serviceability  of  various  methods  of  securing 
tires.  In  these  tests  the  finished  wheel-frame  was  supported 
in  its  axle-boxes,  and  subjected  by  pressure  to  bear  against 
disks,  which,  representing  rails,  were  caused  to  revolve,  so  as  to 
obtain  speeds  used  in  railway  service.  The  flanges  of  these 
disks  were  not  round  and  provided  with  interruptions,  thus 
imitating  impact,  especially  lateral  impact  occurring  in  regular 
service.     The  details  of  design  are  given  in  the  reference. 

332.  Recently,  repetitive  tests  to  determine  the  factor  of 
resilience  of  compressed  gas  (CO,)  cylinders  under  hydraulic 

*The  appropriate  weight  of  hammer  was  determined  by  a  special  in- 
vestigation, discussed  in  the  reference  ;  steel  cones  were  driven  into  a 
lead  block  by  hammers  of  different  weight,  measuring  the  factor  of  pene- 
tration in  each  case,  and  then  the  same  cones  were  driven  into  the  lead 
by  drop-weights.  The  height  of  drop  was  varied  until  equal  penetration 
was  produced  as  found  by  use  of  the  hand-hammers  ;  thus  a  measure  of 
impact  of  hammers  of  various  weights  when  swung  by  man  was  obtained 
from  the  work  due  to  impact. 
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pressure  have  been  inaugurated  at  the  Charlottenburg 
Testing  Laboratory.  In  these  tests,  flasks  of  identical 
manufacture  and  material  are  subjected  to  pressures  of 
various  intensities  to  determine  that  initial  stress  which  will 
no  longer  produce  rupture  under  very  frequent  application. 
The  tests  shall  also  decide  whether  the  compulsory  repetition 
of  the  governmental  pressure-test  is  a  cause  of  danger  or  a 
benefit  (Z  i8f).  Very  similar  tests  on  a  larger  scale  have  been 
planned  for  determining  the  safety  of  steam-pipes  under  high 
pressures  and  corresponding  temperatures. 

6.  Fractures  Produced  by  Repetitive  Tests. 

333.  As  demonstrated  in  {324),  rupture  in  repetitive  tests 
occurs  at  much  lower  stress  when  the  bar  has  sharp  corners 
than  when  these  are  filleted.  It  is,  however,  a  matter  of  com- 
mon experience  that  test-pieces  for  repetitive 
tests  must  be  finished  very  nicely,  even 
polished,  if  premature  rupture  should  not  be 
produced  by  any  apparently  insignificant 
cause.  While  marks  which  may  even  completely  encircle  a 
tension  test-piece  are  very  rarely  causes  of  rupture  in  the 
ordinary  tension-test,  great  care  must  be  observed  in  making 
gauge-marks  for  the  repetitive  tension-test  if  they  are  not  to 
expedite  rupture.  Therefore  these  marks  are  made  as  very 
fine  crosses  at  45°  to  the  bar-axis  at  the  Charlottenburg 
Testing   Laboratory. 

If  rupture  takes  place  in  the  sectibn  under  these  marks,  it 
will  invariably  be  found  that  the  lines  of  fracture 
always  radiate  from  these  mi  n  u  te  defects,  which 
is  an  indication  that  these  parts  actually  were  the  causes  of 
rupture. 

The  types  and  phenomena  of  fractures  of  repetitive  tests 
are  very  characteristic,  and  hence  it  is  possible  in  a  very  great 
majority  of  cases  to  state  positively  whether  fracture  was  pro- 


284  A.   Resistance  of  Materials.  (334.  335.) 

duced  by  sudden  excessive  stress  of  material  or  whether  by 
frequently  repeated  slight  excess  of  stress.  Plate  2,  Figs.  20- 
23  and  25,  shows  various  fractures  produced  by  repetitive  tests. 
Characteristic  properties  will  be  described  below. 

334.  Fracture-lines  radiating  from  a  point  previously  de- 
scribed {i22j  2i0y  2y6)  are  seen  in  most  illustrations,  but  much 
more  distinctly  on  the  fractured  test-pieces  themselves.  The 
point  of  radiation  usually  lies  in  the  perimeter  of  the  section  of 
bar,  which  is  explicable  when  considering  that  in  most  cases  this 
contains  the  most  highly  stressed  fibre.  [In  tension-test  {122) 
the  point  of  rupture  is  origin  of  radiation ;  in  bending-test 
{2'/6)  and  in  universal  bending  repetitive  test  (j/<?,  J2j)  it  is 
still  more  pronounced ;  in  the  torsion-test  the  position  of  most 
highly  stressed  fibre  is  dependent  upon  shape  (Z  /J7,  §  34).] 

The  point  of  radiation  usually  forms  the  center  of  an  elliptic 
surface  (unless  otherwise  stated,  the  following  description  shall 
always  relate  to  low  steel  [Flusseisen]),  composed  of  very  fine 
grain,  as  indicated  in  type  in  Fig.  235,  to  which  is  frequently 
joined  the  coarser  crystalline  material  showing  a  clearly  defined 
boundary.  This  elliptical  boundary  assumes  a  circular  or 
rectilinear  shape,  according  to  the  shape  of  section,  origin  of 
radiation  at  perimeter,  and  to  the  relation  between  the  elliptical 
surface  and  total  sectional  area.  The  elliptical  surface  is 
produced  during  tension-  as  well  as  bending-  and  torsion-tests, 
only  that  it  assumes  the  characteristic  forms  shown  in  Plate  2, 
Figs.  25  and  30,  of  spirals  or  meridional  lines  in  the  latter  cases. 

Frequently  concentric  elliptical  bands,  with  edges  almost 
normal  to  the  lines  of  fracture,  are  seen  on  the  elliptical  sur- 
face. These  phenomena  lead  directly  to  those  of  conchoidal 
fractures,  shown  by  very  many  materials,  which  can  be  very 
readily  studied  on  vitreous  substances. 

335.  Conchoidal  fracture  is  characterized  by  undulating 
elliptic  bands,  concentric  to  each  other,  and  frequently  arranged 
in  groups.  Fig.  236.  Coarser  or  finer  rays  are  noticed  running 
across  and  normal  to  these  undulations.     These  rays  become 
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finer  and  more  numerous  as  the  undulations  become  less 
pronounced.  Glass  shows  these  phenomena  in  a  particularly 
characteristic  manner,  and  glass  splinters,  accidentally  found, 
led  to  the  following  observations. 

The  fact  that  the  rays  (fracture-lines)  on  such  conchoidal 
surfaces  of  such  a  glass  splinter  always  separate  into  two 
branches  at  the  point  of  radiation  whenever  they  cross  the 
ridge  of  an  elliptical  wave  can  be  noted  by  the  naked  eye. 
This  branching  is  repeated  at  nearly  every  ridge,  and  finally 
the  rays  become  so  fine  that  high  microscopic  magnification  is 
required  to  make  them  visible.  The  waves  are  deepest  near  the 
point  of  radiation  (origin  of  fracture);  they  become  more 
shallow  as  they  recede  from  it,  so  that  finally  they  can  only  be 
noticed  by  the  shape  of  reflected  rays  under  the  microscope. 
In  the  deep  waves  (near  the  point  of  radiation)  the  rays  are 
confined  to  the  valleys ;  they  only  begin  to  cross  the  ridges  a 
little  further  away.  Both  lower  pictures  of  Fig.  236  show  the 
construction  of  such  radiation,  and  that  the  rays  are  produced 
by  an  abruptly  and  a  gradually  sloping,  almost  plane,  surface ; 
they  retain  these  peculiarities  even  when  they  become  micro- 
scopical. The  angle  of  inclination  of  both  surfaces  appears  to 
be  nearly  constant ;  hence  both  surfaces  appear  to  broaden  in 
the  valleys  and  contract  toward  the  ridges.  The  phenomena 
of  these  conchoidal  fractures  of  glass  are  of  remarkable  regu- 
larity, and  remind  one  of  the  regularity  of  crystallization.  The 
similarity  between  these  phenomena  and  those  described  in 
{122^  210^  and  2y6)y  and  especially  of  those  of  transverse-tests 
(^/d,  Plate  2,  Figs.  27  and  28),  will  be  readily  recognized. 

Fig.  237  shows  the  fracture  obtained  by  rupture  of  a  nicked 
steel  chisel  magnified  threefold,  in  which  the  limit  of  granular 
material  is  noticeable  to  a  particularly  characteristic  degree. 
Fig.  238  shows  the  branched  rays  of  a  fracture  of  granular 
material  magnified  4  times. 

336.  Study  of  fractures  produced  by  repeti- 
tive tests  easily  awakens  the  surmise  that   a  very  radical 
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change  of  structure  must  have  occurred  during  the 
tests,  because  the  fine  velvety  structure  of  the  eUiptic  sur- 
faces is  found  in  abrupt  contrast  to  the  coarse,  frequently- 
crystalline  structure  of  the  remainder  of  the  fracture. 
Nevertheless  it  is  improbable  that  essential 
structural  modifications  have  taken  place  in 
the  material  (Z  186). 

337.  If  such  a  fracture  (steel),  as  nearly  plane  as  possible, 
be  ground  just  sufficiently  to  remove  the  surface  of  fracture, 
and  then  polished  and  etched,  microscopical  examination  of  the 
etched  surface  will  not  again  reveal  the  limit- 
ing ellipse,  which  was  so  marked  a  feature  of  the  fracture 
(Z  j86).  The  structure  has  not  been  modified  by  repetitive 
stress  in  such  manner  that  it  could  at  the  present  time  be 
distinguished  by  the  microscope.  Nor  did  Spangenberg's 
tests  {L  175)  [which,  however,  were  made  by  the  nicking 
method  described  in  ( J^<f )]  show  any  difference  of  hardness 
close  to  the  elliptical  zone  and  close  to  the  crystalline  part. 
Bauschinger  (Z-?,  Part  13,  p.  43)  also  concludes  from  his 
tests  and  observations  that  repetitive  tests  do  not  modify 
structure,  because  in  tension-tests  even  such  bars  which  had 
already  been  subjected  to  very  many  repetitions  of  stress 
nevertheless  show  all  ordinary  tension-fractures,  while  bars  of 
identical  material  subjected  to  much  more  limited  repetitions 
of  stress  were  ruptured,  showing  all  types  of  repetitive  tension- 
test  fractures. 

338.  In  addition  to  the  results  previously  discussed,  the 
typical  illustration  of  a  conchoidal  fracture  given  above  for 
purposes  of  study  warns  us  to  be  cautious  about  drawing  con- 
clusions from  the  appearance  of  fractures  of  material.  Examina- 
tion of  the  unbroken  (perfect)  glass  under  polarized  light  will 
clearly  prove  that  this  exceedingly  regular  structural  arrange- 
ment, conforming  to  a  law  fehown  in  Fig.  236,  does  not  originally 
exist  in  the  material.  A  single  sharp  blow  delivered  even  to 
fragments,   which    thereunder    prove    themselves    absolutely 
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homogeneous  and  free  from  stress,  may  produce  all  the  phe- 
nomena of  conchoidal  fractures  in  the  shortest  period  of  time, 
thus  proving  clearly  that  this  extraordinarily  regular  arrange- 
ment of  fracture  was  produced  at  the  instant  of  rupture,  that  it 
is  but  a  peculiarity  of  the  fractured  surface,  and  that  con- 
clusions relating  to  structural  modification 
of  the  bar,  as  a  consequence  of  repetitive  stress 
based  on  the  appearance  of  the  surface  of  frac- 
ture, are  not  permissible. 

339.  The  question  as  to  whether,  and  to  what  degree, 
any  other  modification  of  the  properties  of  materials  takes 
place  during  repetitive  stress  can  only  be  decided  in  the 
manner  previously  indicated  ( J-y)  by  repeated  investigation 
after  application  of  stress.  Bauschinger  also  pursued 
this  method,  and  the  laws  enunciated  by  him  (/,  2),  as  well  as 
his  more  recent  results  of  tests,  admit  the  surmise  that  the 
/^-limit,  factor  of  extension  ^y,  and  the  5^  and  5^  are  modified. 
Unfortunately  the  effect  of  repose  on  the  modifications  of 
properties  of  the  materials  after  straining  (law  c)  cannot  be 
eliminated  from  the  results  of  his  repetitive  tests,  which  he 
interrupted  for  the  purpose  of  subjecting  the  bars  to  repeated 
straining  in  order  to  determine  their  modifications.  These 
modifications  necessarily  also  proceed  in  the  bar,  although  in  a 
different  degree,  even  if  the  bar  is  not  allowed  to  rest  (SJ)*  but 
is  continuously  subjected  to  the  repetitive  test. 

340.  Phenomena  of  fractures  of  repetitive  tests 
of  non-homogeneous  materials,  such  as  wrought 
iron,  are  generally  characteristic :  their  enumeration  would, 
however,  rather  be  the  subject  of  a  special  treatise  on  repetitive 
tests  in  general,  or  on  the  properties  of  definite  materials.  I 
merely  entered  upon  the  above-described  phenomena  in  such 
a  detailed  manner,  to  again  plainly  illuminate  the  internal  con- 
nection of  phenomena  of  fracture  occurring  in  conformity  to 
laws  described  in  {11/-12S9  210,  211,  272-2^6). 
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k.  Hardness-tests. 

341.  The  hardness  of  a  material  is  a  property  which  the 
constructor  frequently  utilizes,  sometimes  valuing  it  highly, 
although  but  rarely  attempting  to  measure  it.  Technologists 
have  always  taken  a  deep  interest  in  this  property,  and  have 
frequently  attempted  to  determine  it  by  measurement.  Min- 
eralogists regularly  determine  hardness  of  their  substances. 
Hence  it  might  be  imagined  that  the  conception  of  hardness 
had  been  clearly  determined,  as  far  as  our  practical  purposes 
require,  as  has  been  done  in  the  case  of  resistance,  elasticity, 
etc.  But  this  assumption,  even  at  the  present  day,  is  less 
accurate  for  hardness  and  toughness  than  for  any  other 
property  of  material.  Hardness  has  been  compared  with  all 
possible  properties,  and  it  has  hence  been  attempted  to  express 
its  value  by  those  of  the  former.  Very  much  obscurity  is 
found  in  the  bibliography  of  this  subject,  as  well  as  strongly 
contradictory  conceptions.  Several  representations  have  be- 
come so  generally  adopted  that  they  are  frequently  used  in- 
discriminately for  the  same  material,  according  to  circumstances, 
applying  sometimes  one  and  again  another  scale,  naturally  pro- 
ducing occasional  confusion.  This  condition  is  solely  possible 
because  there  is  at  this  time  no  sufficient  and  generally  recog- 
nized definition  of  this  property  in  use  in  technology.  Nor  can 
I  offer  one,  and  hence  shall  confine  myself  to  discuss  the  various 
conceptions  and  the  methods  of  determination  based  thereon. 

342.  The  most  common  definition  is: 
Hardness*   is  the   resistance   opposed   by  a 

body    to    its     penetration     by    another    (harder) 
body. 

This  definition,  in  one  form  or  another,  is  the  foundation  of 
most  proposed  methods  for  determining  hardness. 

343.  The  most  generally  employed  method  is  that  of 

*  Attention  has  been  called  in  (s)  that  there  is  no  opposition  between 
hardness  and  softness.  Therefore  the  latter  will  not  here  be  considered. 
Softness  is  a  lesser  degree  of  hardness,  and  should  therefore  be  expressed 
in  a  similar  manner. 
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mineralogists,  by  which  the  relative  hardness  between 
a  mineral  and  another  used  as  a  standard  is  determined  by 
scratching  one  by  the  other,  using  sharp  edges.  This  of  course 
only  affords  a  comparison,  and  a  classification  of  any  body 
among  a  series  of  different  bodies  of  different  hardness.  For 
the  purpose  of  such  classification,  so-called  scales  of  hardness, 
such  as  the  well-known  Mohs  Scale,  have  been  estab- 
lished, in  which  well-known  minerals,  easily  obtainable  in  uni- 
form  condition,  are  arranged  after  mutual  scarification  accord- 
ing to  their  relative  hardness,  numbering  them  consecutively. 

Mohs'  Scale  is  as  follows : 

1.  Talcum  j  .  ^  j  •_    ^  -i 
■r>      1       1^  /                     \  1                   scratched  by  nneer-nail. 

2.  Rock  salt  (or  gypsum)  (  ^      * 

3.  Calcspar—  hardness  of  a  copper  coin. 

4.  Fluorspar  (  ^  ^^^^  ductile  iron  nail  with 

j  hardness  of  4.5. 

5.  Apatite  ( 

6.  Orthoclase  (felspar)         (   (  ^,    ,         ,    '  ' 

7.  Quartz  (flint)  \.     a  file  has  a  hardness  of  6.5. 

8.  Topaz 

9.  Corundum  ]    , 

I    i  cut  glass. 
10.  Diamond  ^  ^ 

A  material  tested  is  said  to  have  a  hardness  of  five  (5)  if  it 
can  be  scratched  by  felspar,  but  will  scratch  all  of  the  previous 
materials.  Other  materials  given  by  L  e  u  n  i  s  are  given  in 
small  type. 

344.  Dumas  established  a  similar  scale  for  metals. 
But  it  may  be  asserted  that  the  mineralogical  method  of  de- 
termining hardness  leaves  us  technologists  in  the  lurch,  b  e^ 
cause  it  is  very  difficult  to  establish  a  scale 
therefor  which  furnishes  invariable  values. 
For  it  has  been  settled  that  identical  minerals  of  the  Mohs 
scale,  but  of  different  provenience,  are  not  of  identical  hard- 
ness, and  it  is  well  known  that  it  is  very  difficult  to  obtain 
them  absolutely  pure,  and  that  their  hardness  in  a  pure  state 


ordinary  window-glass  has  a 
hardness  of  5.5. 


scratch  glass. 
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can  be  changed  by  the  kind  and  degree  of  previous  mechanical 
manipulation.  Even  the  slightest  chemical  difference  may, 
however,  produce  very  considerable  difference  of  hardness. 
If  this  were  not  the  case  a  similar  hardness-scale  of  metals 
would  have  been  adopted  long  ago. 

345.  The  hardness  of  metals  is  particularly  de- 
pendent upon  chemical  composition,  and  this  is  .the 
case  to  an  important  degree  in  iron,  the  hardness  and  temper- 
ing qualities  of  which  are  dependent  to  an  extraordinary  de- 
gree upon  the  carbon  contents  Because  this  fact  is  em- 
phasized daily  in  the  steel  industry,  it  has  become  a  habit  to 
speak  of  soft  or  hard  iron  (steel)  even  when  me- 
chanical  hardness  is  not  under  consideration,  but  chemical 
composition  alone  is  actually  referred  to.  I  r  o  n  a  n  d 
steel  particularly  are  said  to  be  soft  when  they  contain  a 
relatively  small  amount  of  carbon,  or  hard  when 
a  larger  amount  is  present;  it  is  of  course  nearly  al- 
ways true  that  the  resistance  of  iron  to  deformation  during 
forging,  hammering,  filing,  etc.,  increases  with  the  carbon, 
hence  that  the  material  richer  in  carbon  appears  harder.  The 
foregoing  reasons  caused  the  adoption  of  hardness-scales 
for  tool -steels,  arranged  according  to  carbon 
content.  • 

346.  Because,  moreover,  the  electrical  conduc- 
tivity, the  magnetizability,  the  permanence  of 
magnetism,  hysteresis  and  other  properties  are  depen- 
dent upon  chemical  composition,  and  as  these  vary  in  a  manner 
parallel  to  hardness,  propositions  have  not  been  want- 
ing to  grade  the  hardness  of  iron  by  its  electric,  its  thermo- 
electric or  its  magnetic  behavior,  v.  Waltenhofen,  v. 
Kerpely,  Bar  us  and  others  (Z  /pd,  /p/,  pp.  37,  igS), 

347.  Experience  has  also  taught  us  that  strong  ma- 
terials are  usually  hard,  and  hence  it  has  become  a 
habit  to  speak  of  hard  or  soft  metals  according  to 
results  of  resistance-tests. 
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348.  It  is  plain  that  these  conditions  commonly  existing 
must  add  to  the  difficulties  of  accurately  defining  hardness; 
but  it  will  be  necessary  to  make  allowance  for  such  habits,  as 
they  can  hardly  be  changed  at  present.  To  this  the  circum- 
stance must  be  added  that  a  great  many  propositions  for 
methods  of  determining  hardness,  based  on  ap- 
propriate modification  of  the  popular  definition  first  given, 
have  been  made,  and  hence  it  will  be  impossible  to  discuss 
them  individually.  I  shall  rather  content  myself  to  give  a  re- 
view of  the  various  methods,  and  to  discuss  only  those  main 
considerations  which  may  be  of  interest  to  one  or  other  of  my 
readers. 

The  majority  of  proposed  methods  for  de- 
termining hardness  may  be  grouped  under 
thefollowingclassification: 

I.  Hardness  is  determined  by  penetration. 

A,  The  penetrating  point  retaining  its  original  position  on 

the      material      to      be     tested.      Penetration 
Metho  d. 

B.  The  penetrating  point  moves  relatively  to  the  surface  to 

be  tested.     Scoring,    Scratching. 

II.  Hardness  is  deduced  from  the  resistance  properties  of  the 

material. 

The  following  sub-classes  may  be  formed  under  Class 
I  A: 

1.  Impression.     A  punch  is  forced  into  the  material  by 
steady  pressure,  and  then  determining  either: 

a.  The  penetration  due  to  identical  pressure,  or 

b.  The  pressure  required  to  produce  identical  penetration. 

2.  Percussion.     A  punch  is  forced  into  the  material  by 
impact,  and  then  measuring  either : 

a.  The  penetration  under  identical  impact,  or 

b.  The  impact  producing  identical  penetration. 

Under  Class  IB  the  following  sub-classes  may  be  formed  : 


292  A.    Resistance  of  Materials.  (349*) 

1.  Relative  hardness  is  determined  by  means  of  series  of  stan- 
dards of  different  hardness. 

2.  A  scoring  or  scratching  body  is  forced  against  the  test-piece 
and: 

a.  The  pressure  necessary  to  produce  a  definite  abrasion  of 
the  material  under  unit  of  time  or  of  distance  travelled 
is  measured. 

b.  The  abrasion  produced  by  a  scoring  substance  under 
definite  pressure  in  the  unit  of  time  or  of  distance  trav- 
elled is  measured. 

c.  The  pressure  is  measured  which  just  suffices  to  product 
a  scratch  of  definite  width  on  the  test-piece,  or 

d.  The  width  of  scratch  produced  by  the  harder  material 
under  a  definite  pressure  is  measured  on  the  test-piecel 

349.  Punches  of  hardened  steel  are  generally  used  in  Class 
\A  for  penetration -,t  est,  different  shapes  being  used 
by  different  investigators.  The  shape  of  punch,  the  hardness, 
condition  of  surface,  method  of  penetration,  etc.,  affect  the 
test,  and  identical  results  can  only  be  obtained  with  two  appa- 
ratus and  the  same  material,  or  by  identical  methods,  when 
the  predominant  parts  of  machines  and  the  manipulations 
during  test  are  in  all  cases  precisely  identical.  But  as  punches 
undergo  wear,  and  as  it  is  practically  difficult  to  produce 
punches  of  uniformly  identical  hardness,  it  becomes  necessary 
in  all  of  these  methods  to  maintain  a  series  of  standards, 
which  must  be  subjected  to  repeated  tests  between  individual 
hardness-tests,  to  assure  the  permanence  of  the  condition  of 
the  punches.  These  punches  of  course  have  such  shapes  that 
they  can  always  be  exactly  reproduced  by  grinding.  Attention 
must  then  be  paid  mainly  to  satisfactory  and  entirely  uni- 
form hardening.  The  most  usual  shapes  of  punches  are 
shown  in  Fig.  239  (L  1S9,  192,  igg-2og\ 

With  shape  a^  the  length  of  impression  is  measured ;  with  b^ 
the  diameter ;    with  c  and  c^^  when    using   the  spherical  end 
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(A  u  e  r  b  a  c  h),  the  pressure  required  to  produce  initial  rupture 
in  case  of  brittle  materials,  or  a  permanent  impression  in 
tough  materials,  is  measured.  R  u  d  e  1  o  f  f ,  independently 
of  F  o  e  p  p  1  (who  first  published  the  method),  used  crossed 
cylinders  at  the  Charllottenburg  Testing  Labo- 
ratory, instead  of  the  spherical  surfaces  used  by 
Auerbach,  Fig.  239,  ca.  Previous  to  this,  I  personally 
used  crossed  knife-edges,  or  cylinders  of  small  radii,  for  the 
purpose  of  comparing  them.  When  using  shape  d,  the  direct 
penetration  is  measured,  and  perhaps  the  volume  of  displaced 
material,  which  is  used  as  a  factor  of  hardness  (U.  S.  Ordnance 
Dept.).  Calvert  and  Johnson  determined  a  pressure 
which  caused  the  punch  d  of  definite  dimensions  to  penetrate 
the  material  in  \  hour  to  a  depth  of  \  in.  Keep  used  a 
punch  ^,  the  lower  surface  of  which  had  100  small  pyramids,  on 
which  a  25-lb.  weight  was  dropped  from  a  height  of  3  ft.  (or  75 
ft.-lbs.  impact  =  288  kg  cm).  This  punch  was  placed  upon  the 
test-piece  in  such  manner,  that  each  successive  blow  produced 
impressions  of  increasing  numbers  of  pyramids,  and  hence 
lesser  penetration  until  finally  the  latter  was  just  visible. 

350.  Percussion-tests  (Class  I  ^„  J^<P)  which  are  no 
doubt  the  simplest  practically,  must  be  protected  from  the 
foregoing  sources  of  errors,  and  the  fact  must  be  borne  in  mind 
that  the  effectof  strikingand  resi  st  i  ng  masses 
of  the  apparatus  must  bear  identical  ratios 
to  each  other,  and  that,  taken  strictly,  the  ratio  of  mass 
of  test-pieces  to  that  of  apparatus  must  be  uniform  unless  the 
latter  are  very  great.  Comparable  results  can  only 
be  obtainedbysimilar  methods  anddifferent 
apparatus  of  like  shape  when  all  of  these  precautions 
are  carefully  observed.  The  masses  supporting  these  apparatus 
must  also  be  considered  if  they  do  not  in  themselves  very 
greatly  exceed  those  of  the  acting  bodies;  they  should  be 
appropriately  secured. 

351.  In  Class  I  By  the  scoring-test,  the  results  are  in 
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all  cases  absolutely  dependent  upon  the  special  conditions 
under  which  the  individual  devices  operate.  The  scoring-tools 
act  quite  differently  on  soft  bodies  cutting  like  lead  and  on 
hard  brittle  substances.  This  is  particularly  noticeable  in  the 
grinding  methods  for  determining  hardness  (Hauenschild, 
Bauschinger,  Smith  and  others) ;  in  these  methods 
there  is  not  a  single  tool  but  an  infinite  number,  of  most  mani- 
fold shape,  in  use.  Soft  lead  is  ground  with  greater  difficulty 
than  hard  steel  under  certain  circumstances  (Z  2j8), 

The  scoring  (cutting)  action  of  the  tool  depends  very 
largely  upon  its  shape,  hardness,  position,  speed  of  motion  and 
other  external  conditions.  Absolute  concurrence 
of  devices  and  methods  must  also  be  secured 
for  apparatus  of  thisclass  if  coincid  en  t  results 
are  to  be  obtained  at  different  places. 

852.  All  of  the  methods  thus  far  discussed  have  one  cir- 
cumstance in  common,  that  they  cannot  in  themselves 
furnish  measures  of  hardness,  because  they  apply 
more  or  less  to  the  determination  of  superficial  hardness ;  it 
always  depends,  within  the  individual  methods,  rather  upon 
the  simple  comparison  of  resistance  offered  by  different  bodies 
to  a  certain  method  of  application  of  force,  and  the  results  of 
different  methods  are  therefore  not  directly  comparable.  It 
may  in  fact  happen  that  the  sequence  of  hardness  of  a  series 
of  bodies  may  be  found  to  be  very  different  when  determined 
by  different  methods,  and  may  in  fact  be  contradictory. 
Several  of  these  tests  are,  however,  very  convenient,  and  as 
soon  as  they  can  be  made  to  produce  identical  values  for  the 
same  material  permanently,  it  may  be  a  matter  of  indifference 
for  our  purposes  whether  the  values  found  may  be  considered, 
as  values  of  the  property  of  hardness,  of  scientific 
accuracy  or  not.  If  only  the  practical  result  of 
obtain  inga  newbut  reliable  standard  of  com- 
parison for  different  materials  be  achieved 
by  the  method,  and  if  the  result  be  suitable  as 
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a  standard  of  technological  utility  of  the 
material  for  specific  uses,  it  should  be  considered 
legitimate.  The  method  would  be  more  suitable,  in  the  degree 
to  which  it  arranges  the  materials  according  to  hardness,  in 
conformity  with  the  preconceived  notions  based  on  results  of 
experience,  which  have  become  our  second  nature,  but  which 
cannot  be  expressed  in  figures.  M  o  h  s*  scale  furnishes  a 
sequence  of  hardness  of  material,  which  answers  this  require- 
ment and  has  been  generally  adopted ;  hence  any  method  for 
determining  hardness  must  at  least  not  conflict  with  it.  But 
as  absolute  value  of  hardness  cannot  be  expressed*  in  figures, 
it  depends  upon  developing  the  method  in  such  manner  that 
differences  in  degrees  of  hardness  intermediate  to  M  o  h  s'  scale 
may  be  accurately  determined. 

353.  All  previous  methods  were  shown  to  attempt  the 
determination  of  superficial  hardness,  and  in  recognition  of 
this  fact  attempts  were  occasionally  made  to  determine 
hardness  of  mass.  The  properties  of  resist^ance 
of  materials  were  generally  used  as  a  basis  from  which 
the  hardness  was  to  be  deduced  (Class  II).  Reiser  (Z  204^ 
p.  6),  referring  to  Ledebur,  defines  hardness  as : 

"That  resistance  of  a  body  which  it  offers  to  penetra- 
tion by  another  solid — drilling,  sawing,  filing — or  opposes 
to   permanent    deformation    by   crushing   or   tension.f 

*Auerbach  claims  this  for  his  method  based  on  the  definitions  of 
H  e  r  z  (Z  202)^  but  the  method  as  proposed  by  him  has  slight  applicability 
for  our  practical  purposes.  The  Rudeloff-Foeppl  method  will  per- 
haps be  more  serviceable*;  the  necessary  test-piece  is  at  least  easily  pre- 
pared, and  permits  numerous  repetitions  of  the  test  with  the  same  test- 
piece. 

fLedebur  says  in  "  Stahl  u.  Eisen/'  1894,  p.  479 :  '*  The  term  '  hard- 
ness' may  be  understood  to  apply  to  the  resistance  of  a  body  to 
'shaving'  (or  drilling)  ('paring,  planing' — Transl.)  as  well  as  to 
brittleness,  evidenced  by  the  material  when  its  resistance  is 
called  into  play  in  any  manner,  and  therefore  undergoes  deforma- 
tion.    The  latter  explanation  of  hardness  is  the  opposite  of  pliant." 

I  have  spaced  several  words,  to  emphasize  the  comprehensiveness 
of  this  statement  and  of  the  difficulty  of  obtaining  a  clear  understanding 
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The  elastic  limit  rises  with  increase  of  hardness,  so  that 
material  having  high  elastic  limit  also  shows  considerable 
hardness.     If  in  this  case   the  limit   of   elasticity  and 
maximum   resistance   are  close   together,  the  material 
will  be  hard  and  brittle,  as  white  pig ;  if,  however,  these 
two  limits  be  widely  separated,  the  body  will  be  hard 
and  tough."  * 
Auerbach,    Hartig,    Kirsch,  and  others  desire  the 
limit  of  elasticity  f  to  be  adopted  as  a  measure  of  hardness, 
and  Kirsch  therefrom  deduced  as  many  degrees  of  special 
hardnesses  as  there  are  different  kinds  of  stress.     The  com- 
plication of  the  matter  will  be  easily  recognized. 

354.  I  wish  to  dwell  a  little  upon  the  Reiser-Ledebur 
definition,  to  state  the  reasons  which  make  it  impossible  for 
me  to  adopt  their  view  that  hardness  can  be  measured  by  the 
limit  of  elasticity  alone.  Reiser  at  once  recognizes  two 
kinds  of  hardness,  in  the  second  part  of  the  first  sentence ; 
one  called  into  play  by  crushing-  and  the  other  by  tension- 
stress.  "  The  elastic  limit  increases  with  hardness,"  says 
Reiser.  But  as  cast  iron  like  other  materials  has  no  perfect 
elasticity,  and  as  the  limit  of  elasticity,  as  it  has  been  defined, 
Sp  or,  that  of  earlier  definition,  the  Se  or  stress  first  producing 
permanent  set,  is  very  low  in  cast  iron,  the  latter  could  not  be 
a  hard  material.  As  the  interval  between  Sj^,  and  Sp  (or  Sg) 
according  to  Reiser  is  decisive  for  the  definitions  "tough" 
or  "  brittle,"  and  is  large  in  cast  iron,  it  must  be  tough  and 
soft  at  the  same  time ;  this  is  evidently  contrary  to  our  ex- 

thereof.  H  a  rd  n  ess  is  therefore  b  ritt  le  nes  s.  Common  usages  makes 
brittleness  the  reverse  of  toughness.  Therefore  a  tough  body  cannot  be 
hard.  Manganese  steel  may  be  tied  into  a  knot,  is  hence  extraordinarily 
flexible  and  still  is  so  very  hard  that  it  cannot  be  cut  by  machine  tools. 

*  Reiser  dropped  these  definitions  in  the  2d  Ed.  of  his  work  (L  204). 

f  It  would  be  more  practical  to  use  the  yield-point  in  place  of  the 
elastic  limit,  Sy  instead  of  Sg  or  Sp^  because  it  can  be  more  readily  deter- 
mined, and  has  moreover  been  generally  recognized  as  the  so-called 
"elastic  limit."  In  this  there  is  no  new  property,  but  only  a  new 
method  of  designating  an  old  and  well-known  property  of  the  material. 
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perience.*  But  cast  iron  would  appear  much  softer  under 
crushing-stress,  because  —  Sg  is  very  materially  greater  than 
S/fy  and  —  Sp  (or  Se)  as  well  as  Sp  are  very  small,  if  not  in  fact 
equal  to  o.  But  quite  aside  from  this  there  is  another  obstacle. 
The  elastic  limit  in  our  sense,  5/»,  can  only  be  determined  with 
great  difficulty,  but  it  is  much  more  laborious  and  difficult  to 
determine  that  stress  which  first  produces  permanent  set.  Are 
the  elastic  residual  effects  to  be  neglected  ?  or  is  their  value 
to  be  considered  as  part  of  permanent  set?  In  fact  the 
authors  allow  some  play  in  this  respect,  as  they  admit  a  certain 
amount  of  permanent  set ;  this,  however,  hardly  fixes  the 
limits  or  facilitates  their  determination. 

355.  If  the  advocates  of  the  use  of  the  Elastic  Limit 
as  the  measure  of  hardness  even  admitted  the  use  of 
the  P-limit  (or  better  still,  the  F-point),  the  difficulty  would  not 
decrease.  The  conditions  already  described  would  still  hold 
good  for  cast  iron  and  the  materials  without  a  P-limit.  (In 
cast  iron  Sy  and  Sji  would  almost  coincide;  but  —  5*1^  might  be 
determined  definitely).  Only  let  us  recall  the  discussion  of 
Bauschinger's  tests  (/,  2)  relating  to  modification  of  E- 
limit  by  excessive  stress !  which  of  the  many  artificial  P-limits 
(or  F-points)  is  to  be  used  as  the  standard  of  hardness?  or, 
shall  this  standard  be  considered'variable  in  the  same  degree  as 
Sp  ?  All  methods  which  depend  upon  the  determination  of  E- 
limit  or  F-point  as  a  standard  of  hardness  must  contend  with 
the  difficulties  stated,  may  they  be  never  so  well  founded  theoreti- 
cally.  But  if  a  standard  of  hardness  must  be  es- 
tablished by  this  method,  it  seems  more  practi- 
cal to  me  to  use  the  F- point  as  the  starting- 
point .     Thus  a  special   hardness-test  would  become  super- 


*  It  would  moreover  lead  to  contradictions  of  ordinary  beliefs  if  the 
absolute  value  of  the  difference  Sr  —  5p(or  Sb  —  Sy)  were  used  as  a  scale 
of  toughness  in  Reiser's  sense).  Evidently  there  is  no  such  intention  ; 
the  definition  has  undoubtedly  been  made  to  suit  primarily  the  well- 
known  materials  of  construction. 
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fluous,  but  the  results  of  resistance-tests  would  be  directly  ap- 
plicable to  state  the  tensile  hardness,  crush  in  g  hard- 
ness, bending  hardness,  etc.,  with  the  advantage  of 
utilizing  all  results  of  earlier  tests  in  which  the  £-limit  gener- 
ally corresponds  to  our  Sy  directly.  But  of  what  advan- 
tage would  this  beindefining  properties  of 
m  ater ials? 

356.  There  are,  however,  still  other  facts  to  be  considered 
in  practical  tests  of  materials.  All  these  methods  presuppose 
homogeneous  material.  In  fact  very  few  ma- 
terials are  really  homogeneous,  especially  among 
the  metals.  Let  us  stick  to  cast  iron !  Cast  iron,  it  is  well 
known,  consists  of  a  cellular  structure  of  a  harder  alloy  of  iron, 
carbon,  and  other  elements,  and  of  a  filling  of  softer  mass  of 
iron  with  uncombined  carbon,  which  resembles  a  pit  in  the 
cells.  Hence  if  cast  iron  is  subjected  to  crushing-stress  be- 
tween platens,  it  is  self-evident  that  the  resistance  of  the  harder 
cellular  structure  is  called  into  play  in  a  very  different  manner 
from  that  of  the  softer  filling  material  which,  so  to  say,  acts  as 
a  packing  for  the  skeleton.  Hence  all  methods  of  determin- 
ing hardness,  using  punches,  determine  each  in  its  peculiar 
manner,  the  mean  hardness  (which  of  course  is  not  the 
case  in  all  results  of  resistance-tests)  of  the  body  com- 
posed of  cellular  structure  and  filling.  All 
methods  determining  hardness  by  means  of  cutting  or  pointed 
tools  determine,  according  to  the  location  of  the  accidental 
point  of  application,  the  hardness  of  the  structure, 
or  that  of  the  filler,  provided  the  tool  does  not  pene- 
trate the  material  deeply.  Should  the  latter  be  the  case,  the 
previous  effect  would  result. 

357.  All  circumstances  thus  far  mentioned,  and  the  fur- 
ther consideration  that  it  must  be  desirable  to  extend  the 
knowledge  of  properties  of  materials  by  methods  as  greatly 
independent  of  each  other  as  is  possible,  have  caused  me  to  re- 
vert to  the  scoring  method  when  designing  an  apparatus 
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for  determining  hardness  for  the  Charlotte  n- 
burg  Laboratory  (Z  1S8).  I  developed  Turner's  method 
{L  20j)  of  scoring,  by  providing  a  diamond  D  with  a  conical 
point  of  about  90°  apex,  and  a  slide-rest  5  for  the  test-piece  in 
Fig.  240,  which  is  moved  slowly.  The  diamond  D  is  carried 
at  one  end  of  lever  W,  and  can  be  weighted  gradually  as  de- 
sired by  moving  the  poise-weight  L.  Turner  made  the 
tests  by  loading  the  diamond,  producing  a  decided  scratch. 
While  decreasing  the  load  intermittently,  successive  scratches 
were  drawn  side  by  side,  until  they  became  invisible  to  the 
naked  eye,  and  then  again  successively  increasing  the  load 
until  the  scratches  again  became  visible.  He  used  the  mean 
load  in  grammes  which  caused  the  scratches  to  appear  and  dis- 
appear as  the  measure  of  hardness.  But  as  it  is  practically 
difficult  to  determine  this  instant  definitely,  because  skill  and 
sharpness  of  vision  of  the  observer,  favorable  illumination, 
etc.,  have  effect  on  results,  I  modified  the  method  by  d  e  t  e  r- 
mining  the  load  in  grammes  on  the  diamond 
which  produced  a  scratch  of  definite  width 
ID/*  =  o.oi  mm  (0.00039  '"•)>  or  simplifying  the  method  by 
taking  the  value  of  width  of  line  in  pi,  pro- 
duced by  a   definite  load  on  the  diamond. 

a.  The  first  standard  of  value  is  less  objectionable  theoreti- 
cally because  the  widths  of  lines  are  not  so  much  affected  by 
the  imperfections  of  the  diamond.  It  is  actually  very  dif- 
ficult  to  maintain  perfect  shape  of  the  diamond  points,  as  they 
are  produced  by  cleavage  and  grinding  the  sharp  edges  with 
diamond  dust ;  perfectly  ground  points  would  be  very  expen- 
sive.* A  diamond  point  shows  roughness  and  lumps  under 
the  microscope,  as  shown  exaggeratedly  in  Fig.  241,  a,  and  the 
width  of  line  6  therefore  need  not  always  be  proportional  to 

*  Grinding  would  not,  moreover,  produce  absolute  uniformity  of  dififer- 
ent  diamonds,  because  they  vary  in  hardness,  and  because  the  hardness 
of  one  diamond  is  different  in  different  directions.  Iridium-covered  steel 
points  have  failed. 
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penetration  /.  If  uniform  width  of  scratch  be  assumed  as  a 
standard  of  value,  the  edges  will  always  be  in  contact  with  the 
same  points  of  the  cutting  surface,  the  grooves  will  always 
have  identical  section.  I  must  also  call  attention  to  the  fact 
that  ridges  parallel  to  the  scratch  are  formed  in  some  materials, 
as  shown  exaggeratedly  in  Fig.  241,  6,  and  which  occasion- 
ally make  it  very  difficult,  if  not  impossible,  to  determine 
the  true  width  of  scratch.  If  it  is  not  possible  by  using  differ- 
ent illumination  under  the  microscope  to  obtain  a  correct 
knowledge  of  the  error  committed,  the  results  of  test  would 
have  to  be  considered  as  approximate,  which  show  too  low  a 
hardness.  Like  materials  will  always  show  like  phenomena, 
and  will  therefore  be  similarly  classified. 

It  would  be  too  tedious  and  wearisome  to  determine  the 
load  necessary  to  produce  a  certain  penetration  accurately  by 
actual  trial.  Hence  the  approximate  load  necessary  to  pro- 
duce a  certain  width  of  scratch  is  selected,  and  groups  of  five 
parallel  scratches  are  made  under  varying  loads,  until  the  de- 
sired width  of  scratch  is  certainly  contained  in  one  of  these 
groups.  Then  the  different  average  widths  of  scratches  from 
each  group,  and  the  loads  producing  them,  are  plotted  on  a 
diagram,  as  ordinates  and  abscissae ;  from  these  curves  the 
average  line  is  drawn  which  gives  the  load  which  would  have 
produced  the  line  having  width  of  lO/i.  The  widths  of  lines 
must  of  course  be  carefully  measured  under  the  microscope  by 
micrometer. 

d.  The  result  will  be  reached  more  rapidly  and  easily  if 
the  reciprocal  value  of  the  width  of  scratch  produced  by  a 
definite  load  be  used  as  a  standard  of  value  of  hardness;  this 
is  moreover  quite  sufficient  for  practical  purposes  when  it  is  a 
question  of  rapidly  comparing  several  pieces  of  a  well-known 
material.  In  this  case  10  to  15  lines  are  drawn  under  a  load 
assumed  as  a  unit  (10  to  20  gr),  and  the  average  width  of  line 
is  then  determined.     If  the  test  is  always  to  be  made  in  this 
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manner,  the  method  and  apparatus  may  be  materially  simpli- 
fied. 

c.  The  method  of  determining  hardness  according  to  my 
propositions  of  scratching  has  the  advantage,  besides  its  sim- 
plicity, it  appears  to  me,  that  it  frequently  serves  as  a  means 
of  determining  the  homogeneity  of  structure  of  materials.  In 
cast  iron,  e.g.,  the  diamond  does  not  penetrate  the  hard  struc- 
ture as  much  as  its  softer  filling,  and  the  difference  in  width  of 
lines  is  a  measure  of  difference  of  hardness  of  these  two  com- 
ponent parts.  There  are  moreover  bodies  with  cellular  struc- 
ture, the  hard  parts  of  which  are  so  brittle  that  they  break  off 
under  the  diamond,  especially  when  they  are  at  the  same  time 
porous,  as  in  that  case  the  diamond  point,  so  to  say,  drops  into 
the  interstices,  and  then  breaks  the  walls  when  the  piece  is 
moved  along  (pumice-stone).  For  such  material  the  scoring 
method  with  points  cannot  secure  a  standard  of  hardness.  The 
test  would  have  to  be  made  with  a  cutting  edge,  which  does 
not  penetrate  the  material. 

d.  The  hardness  of  pulverulent  material  is  most  readily  de- 
termined by  pressing  them  into  cork,  then  scratching  other 
bodies  of  different  hardness  by  them. 

e.  The  hardness  of  microscopical  surfaces  can  also  be  deter- 
mined by  B  e  h  r  e  n  s*  method  {L  ig5\  piercing  them  by  hard 
needles. 

/.  I  do  not  wish  to  conceal  the  fact,  however,  that  great 
differences  of  opinion  exist  in  reference  to  the  scoring  method 
for  determining  hardness  (Z  /^7-/^p  /  i88-i^s). 

In  order  to  remove  all  doubt  about  my 
meaning,  I  propose  to  call  the  hardness  deter- 
mined by  the  scoring  method,  the  scoring- 
hardness,  and  designate  it  by  H^.  Hence  I  shall  in 
future  always  speak  of  the  scoring-hardness  of  materials  when 
degrees  of  hardness  determined  by  my  apparatus  are  re- 
ferred to. 
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358.  A  series  of  metals  showed  the  following  scoring- 
hardnesses: 

Table  27.    Scoring-hardness  of  Materials  as  compared  with 

Mohs'  Scale. 


Material. 


Shellac 
Lead . . . 
Tin.... 
Alloy . . 


Compoiition. 


f  < 


Copper 
Zinc . . . 
Alloy . . 


Brass. 

Nickel 
Alloy . 


« < 


Soft  steel 
Alloy 


«< 

(I 
(< 


Glass 

Hard  steel 


Pb 

Sn 
CuSns,"  97:903 
CuSn4;  119 :  881 

Cu 

Zn 
CuSns:  152  :848 
CuSna;  212  :  788 

Ni 
CuSn;  350:  650 
CuiftSn;  932  :  68 

CuiftSn;  890 :  no 
CuaoSn;  915  :  85 
CuioSn;  843  •  157 
Cu^Sn;  482  :  518 
Cu»Sn;  729  :  271 
CuiSn;  683  :  317 
CuaSn;  618  :  382 


Scoring-hardness. 


15.0^17.8 

16.8 
23.4—28.2 

36.4 
37.8 


Mobs. 


1.5 
2-3 

2—3 
2—3 


34.3—39-8 

3 

42.6 

— 

30  0  and  44.6* 

2—3 

21.8  and  48.7* 

2     3 

447—52.8 

55-7 

— 

62.5* 

3-4 

67.5 

3 

70.8—76.5 

78.0 

3 

81.6 

3     4 

82.5 

3—4 

83.0 

4 

lOO.O 

4—5 

102.0 

4—5 

IIO.O 

4-5 

135.5 

5—5.5 

137.5— I4I.0 

6—6.5 

*  Containing  hard  and  toft  spots. 

The  results  of  tests  given  in  this  table  may  be  used  for  a 
comparison  of  the  standards  of  the  scoring  hardness  and  the 
Mohs'  Scale,  by  drawing  the  diagram  F'ig.  242. 

359.  Bodies,  the  hardness  of  which  is  to  be  determined, 
do  not  always  have  such  shape  that  they  can  be  conveniently 
placed  in  the  apparatus.  The  Charlottenburg  Labora- 
tory had  the  problem  of  comparing  the  hardness  of  chilled 
calendering  rolls  in  use  in  different  works.  This  could  of  course 
only  be  done  in  a  circuitous  manner.  I  had  a  series  of  cold  chisels 
of  identical  shape  as  in  Fig.  243  made  and  tempered  to  different 
degrees.  I  determined  the  hardness  of  the  chisels  by  the  previ- 
ous method,  by  scoring.  Besides  this  I  secured  a  set  of  samples 
of  chilled  iron  like  that  used  in  the  rolls.     Mutual  scoring  de- 
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termined.  their  relative  hardness.  The  rolls  were  then  scored 
by  the  same  pieces,  and  they  could  be  classified  according  to 
hardness  by  comparison  with  the  samples.  Besides  this  it 
was  attempted  to  cut  the  surfaces  of  rolls  by  these  chisels, 
using  very  light  blows.  Thus  it  was  determined  which  of  the 
chisels  of  different  hardness  would  still  produce  marks  without 
dulling  their  edges,  and  which  numbers  were  dulled.  It  was 
thus  possible  to  compare  the  different  rolls  according  to  hard- 
ness. This  is  of  course  but  a  crude  method,  but  it  can  be 
used  for  practical  work. 

1.  Tonghness  and  Brittleness. 

360.  It  has  thus  far  been  impossible  to  find  a  perfectly 
satisfactory  definition  for  toughness  and  brittleness, 
the  same  as  is  the  case  with  hardness.  Material  is  commonly 
called  tough  when  it  can  undergo  great  deformation  under 
great  resistance ;  it  is  said  to  be  brittle  when  slight  def- 
ormations produce  rupture.  Toughness  and  brittleness  are 
by  no  means  irreconcilable,  as  it  may  seem  at  first  glance. 
Pitch,  as  has  been  previously  stated,  is  tough  under  slow 
deformation,  and  brittle  under  impact.  Several  values  have 
been  proposed  as  measures  of  toughness  and  of  brittleness. 

361.  A  number  of  investigators  propose  the  use  of 
the  difference  between  yield-point  (generally 
called  elastic  limit  by  them)  and  maximum  stress,  as 
a  measure  of  toughness  [Reuleaux,  Reiser 
{L  204)  etc.].  Hence  toughness  would  be  greater  as  the  yield- 
point  and  maximum  stress  of  a  material  under  tensile  and 
crushing  stress  were  further  apart.  Several  values  of  tough- 
ness would  thus  be  obtained,  depending  upon  derivation  from 
tension-  or  crushing-test.  There  is  indeed  good  reason  for 
this  proposition,  but  the  idea  should  then  be  logically  ex- 
tended to  all  other  kinds  of  stress  (bending,  shearing,  torsion, 
thrust,  etc.) ;  thus  a  complete  series  of  values  of  toughness  of 
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a  material,  which  need  not  by  any  means  be  similar  to  each 
other,  might  be  obtained. 

362*  Other  investigators  have  proposed  the  elon- 
gation or  the  permanent  set  alone,  as  a 
measure  of  ductility  [Hartig, Fischer  (Z  106) 
and  others].  They  also  recognize  different  toughnesses  for 
tension,  crushing,  etc.    • 

363.  A  further  proposition,  by  myself,  relates  to  the  use 
of  the  contraction  as  a  measure  of  toughness 
(L  20^),  This  proposition  is,  however,  identical  with  the 
previous,  as  contraction  is  a  function  of  the  factor  of  elonga- 
tion at  the  stricture,  in  materials  of  density  =  I.  For,  as 
previously  stated  in  (j^), 

c%  =  100  (i  —  aja\ 
and  according  to  supposition  that  d  =.  -   =  i . 

T 

V  -=-  F, ,  or  alg  =  ajg^ ,  i.e. 

or  substituted  in  above : 

ci>  =  100  (I  -  4/4^),  i.e.  I  -  ci{^)  =  4/4^ ; 

and  as  in  (jj) 

^  =  (V4  -  0  100, 

or  the  elongation  at  stricture : 

100  100 

—  100  =  — -:  —  I, 


^^^  -  I  -  c^/ 


100  100  —  C1^ 


Therefore  if  the  elongation  is  a  practi- 
cally sufficient  measure  of  toughness,  con- 
traction must  also  answer  equally  well. 
In  this  case  it  would  be  a  measure  of  total  toughness, 
which  the  material  can  possibly  develop  up  to  the  instant  of 
rupture,  while  the  elongation  isalways  but  a  part 
of  this  amount,  as  the  cross-sections  beyond  the  stric- 
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ture  become  inert  after  its  commencement  {314.9  Fig.  220).  I  f 
ei^  and  c^  are  measures  of  toughness,  eji  is 
the  more  p  r  e  f  e  r  able,  b  e  ca  u  se  it  is  a  measure 
of  homogeneity  as  well.  By  comparing  the  pro- 
portional elongation  (to  maxir  nm  stress)  with  the  final  elon- 
gation after  rupture,  the  ratio  of  development  of 
total  toughness  of  the  material  could  be 
determined,  if  of  any  practical  value. 

364.  Reiser  proposes  to  use  the  difference  be- 
tween yield-point  and  maximum  stress,  as  well 
as  the  ductility  for  judging  the  degree  of  tough- 
ness. A  comparison  of  both  standards  will  give  curves  i  for 
iron  and  2  for  zinc  in  Fig.  244,  from  which  it  would  appear 
that  iron  is  tougher  than  zinc  when  measured  by  Sm  —  Syj  while 
zinc  is  tougher  than  iron  when  compared  on  second  basis 
because  ej(>>eji. 

365.  The  ratio  between  S^  and  Sy  might  be 
used  instead  of  S^  —  Sy  as  a  standard  of  value, 
which  for  the  same  materials  and  identical  conditions,  such  as 
previous  mechanical  work,  cold-rolling,  hammering,  drawing, 
heating,  quenching,  etc.,  will  produce  results,  similarly  to  the 
relation  between  ^pandSj/,  which  may  be  considered 
nearly  constant,  hence  characteristic  of  the 
kind  and  condition  of  material.  I  have  found  this 
to  be  invariably  confirmed  when  tabulating  very  great  numbers 
of  results  of  tests  of  our  most  important  materials  of  construc- 
tion,  and    have    therefore    since    several    years 

used   the   ratio   t:-   to   indicate  the   degree    of 

m  e  ch  an  i  c  al  wor  k  to  wh  ich  m  ate  r  i  al  had   been 

subjected.     This  ratio  -^  for  annealed  low  steel  is  equal 

to  55-75^   while  in  cold-drawn  wire   it   rises  to   above  95^. 

This  experience  caused  me  to  temporarily  use  the  ratio  ~-  as 
a  measure  of  toughness. 


3o6  A.   Resistance  of  Materials.  (366,  367.) 

366.  If  R  e  i  s  e  r'  s  proposition  be  followed,  then  tonghnest 
of  the  material,  by  using  -^  conjointly  with  ^^ ,  would  be 

•3v 


T  =^  f 
Or 


or  up  to  rupture : 


Y 


T  = 

Sv     100 


whichwould  harmonize  still  better  with  practical 
experience.  This  value  of  Tn  can  be  most  readily  obtained 
from  results  of  tests. 

As  the  values  of  ^^^  in  equations  for  T^  are  dependent 

upon  shape  of  test-piece,  or  upon  the  ratio  /j  z=z~-^(^ja6), 

this  is  also  true  of  7",,.  Hence  the  index  n  must  be  used  with 
e^  and  T^  as  before  to  obtain  clearness.     Hence  it  should  read 

^-"""  5k*  100 31 

367«  In  Table  28  I  have  classified  the  values  of 
toughness  obtained  by  the  different  methods 
proposed.  Columns  a-d  contain  the  values  of  toughness  of 
different  metals  and  alloys  determined  by  the  methods  above 
described.  The  last  columns  give  classification  of  materials 
according  to  toughness,  arranged  under  the  two  heads  as 
given  in  columns  e  and  /.  These  columns,  but  especially 
Fig.  245,  show  that  classifications  according  to  T^  =  e^,  and 

Tnu  =  "^«  agree  pretty  well,  and  that  they  also  conform 

satisfactorily  with  practical  knowledge  of  toughness  of  materials. 
Fig.  245  gives  a  classification  of  metals  according  to  values 
of  T^^  and  of  e^^. 
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In  order  to  give  a  still  better  comparison    of  values  of  -^ 


and 


'.* 


as  affecting  T^,  I  have  plotted  the  values  given  in 


Table  28  in  Fig.  246,  in  which  the  initial  numbeirs  of  material 
correspond  with  those  in  the  table.  Points  for  identical  ma- 
terial are  united  by  similar  lines,  and  points  for  iron  are  also 
identified  by  circles.  So  as  to  emphasize  the  influence  of 
quencliing  in  water  on  iron,  and  in  values  of  T^,  the  values  for 
quenched  iron  are  marked  by  parentheses  in  Fig.  246.   The  dif- 

ferences  relate  almost  entirely  to  e,ii,  while  -^  remains  constant, 

although  values  of  S^  and  ^j-  reported   in  Table  28  change 


(368,  3^0  Toughness  and  Brittleness.  3^ 

according  to  laws.  Comparing  the  values  of  silver,  No.  30, 
with  those  of  bronze,  Nos.  23  and  24,  the  great  influence  of 

mechanical  work*  on  the  ratio  ^,  as  well  as  on  e^^iL  and  hence 

on  T^ ,  will  be  noted ;  the  reduction  of  toughness  is  very 
markedly  shown. 

If  it  be  remembered  that  Fig.  246  represents  the  entire 
field  upon  which  all  possible  values  of  T^  must  fall,  i.e.,  an  in- 
clined plane  passing  through  the  origin,  it  will  be  seen 
that  all  possible  values  for  any  kind  of  material  when  in  a 
definite  condition  must  fall  within  a  very  small  space  on  this 
plane ;  all  values  of  T^  found  from  results  of  tests  would  neces- 
sarily be  grouped  about  this  point,  and  the  C.  of  G.  of  this  group 
would  be  the  characteristic  value  of  7),  for  this  particular  kind 
of  material  when  in  a  definite  condition,  as  for  instance  the 
bracketed  group  for  quenched  iron. 

368.  Whenever  in  future  it  will  become  necessary 
to    compare   toughness   of   materials,   the    standard    of 

value 

shall  be  used,  and  as  it  can  never  relate  to  anything  but  a 
comparison  of  properties  of  materials,  this  value  shall 
always  be  based  on  tension -tests.  It  should, 
however,  always  be  remembered  that  such. comparison,  as  was 
the  case  in  scoring  hardness,  is  only  a  matter  of  prac- 
tical agreement,  and  is  in  no  manner  based 
on  a  scientific  standard  of  value.  Bodies  in 
which  values  of  T^  are  very  small  will  as  a  rule  be  brittle  and 
have  small  capacity  for  resisting  impact. 

369.  Although  a  hasty  glance  shows  great  differences 
between  tough  and  brittle  materials,  closer  ex- 

*The    previous   elongation   during  the  first  tension-test  may  be  con- 
sidered as  such,  just  as  well  as  cold-drawing. 


3IO  A.    Resistance  of  Materials.  (370.) 

amination  will  show  numerous  transitions,  thus  justify- 
ing the  intention  of  representing  toughness  and  brittleness  by 
the  same  expression,  or  of  ignoring  any  difference.  We  have 
already  learned  that  pitch  is  a  tough  and  brittle  material. 
Material  which  we  habitually  consider  highly  brittle,  such  as 
glass,  may  be  made  very  tough  by  the  application  of  heat. 
Zinc  becomes  tougher  and  more  ductile  while  being  heated  to 
338®  F.  (170°  C.) ;  but  a  very  slight  increase  of  temperature 
will  make  it  absolutely  friable. 

Other  brittle  materials  may  be  so  modified  by  high  pressure 
that,  when  in  this  condition,  they  may  be  deformed  precisely 
like  tough  and  ductile  materials,  without  producing  any  cracks 
or  fissures.  K  i  c  k  (Z  100)  could  compress  and  bend  materials 
such  as  rock  salt,  when  under  universal  pressure  (compression), 
far  beyond  the  amount  which  would  have  been  possible  in  their 
ordinary  condition.  Thus  he  formed  relief  and  lettering  by 
dies  on  marble,  which  is  a  hard  and  brittle  material. 

m.  Plasticity. 

370.  Soft,  inelastic  materials  which  are  at  the  same 
time  tough  possess  the  property  of  plasticity  to  a  high 
degree ;  i.e.,  the  more  a  body  is  soft,  inelastic  and  tough, 
the  more  readily  can  it  be  subjected  to  great  permanent 
deformations  (changes  of  shape),  drawn  into  wire,  rolled, 
minted,  pressed,  or  kneaded,  without  causing  rupture. 

As  stated  when  discussing  hardness  {k,  2/f.o\  this  property 
generally  rises  or  falls  with  the  elastic  limit.  As  softness  is 
but  a  lower  degree  of  hardness  (5),  the  standard  of 
value  of  plasticity  shall  be  determined  from 
the     position     of    elastic     limit     and      of     the 

toughn  ess. 

The  degree  of  plasticity  will  therefore  be  ex- 
pressed by: 

T 
F=i  -—'  1000, 32 

Ok 


(371.)  Plasticity.  3" 

the  factor  looo  being  added  to  give  more  convenient  num- 
bers. The  values  of  plasticity  thus  obtained  are  given  in  cols. 
e  and  /",  Table  28.  The  next  to  last  column  contains  the 
classification  of  metals  according  to  values  of  F. 

371.  Fischer  (Z  106^  had  previously  proposed 
another  standard  for  plasticity,  and  I  am  bound 
to  explain  why  I  have  not  joined  him.  It  is  due  to  reasons  of 
practicability  alone,  for  the  classification  of  metals  according 
to  Fischer  s  scale  is  almost  the  same  (third  from  last  and  last 
col.)  as  shown  by  last  column. 

Fischer  determines  plasticity  in  a  very  circuitous,  practi- 
cally inconvenient,  if  not  an  inapplicable  manner.    He  writes: 

B  =  — ^, 

in  which  Z  =  toughness  of  material,  Z^  eii\  a  =  the  "  degree 
of  elasticity  ";  and  T  =  the  "  modulus  of  rupture,"  our  Sy  or 
yield-point. 

The  degree  of  elasticity  a  is  determined  from  the  ratio  of 

factor  of  resilience  a,  to  the  total  resilience  a,  hence  or  =  — . 

a 

a^  signifies  the  total  elastic  resilience  developed  by  the  material 
up  to  instant  of  rupture,  both  referred  to  i  gram  of  the  material. 
This  ratio  can,  however,  be  determined  only  by  a  tedious 
practical  test  and  a  consequent  complex  calculation.  As  stated 
in  (^41)  when  discussing  elastic  and  permanent  deformations,  it 
is  possible  to  determine  the  elastic  and  permanent  elongation 
of  bars  independently,  by  repeated  straining.  From  the  values 
thus  obtained  the  curve  of  elastic  elongation  for  each  stress 
may  be  plotted  as  in  curve  OP2N,  Fig.  247,  in  which  the  elastic 
elongation  Et^  ^  E'  z=  Oe  of  the  previous  stress  Sm  is  plotted 
as  the  abscissa  for  each  release  of  stress,  as  at  12.  If  the  line 
ON  be  thus  constructed,  the  hatched  surface  a^  will  be  a  meas- 
ure of  elastic  resilience,  which  may  be  compared  with  hatched 
surface  a  of  total  resilience.     It  will  be  seen  that  this  is  a  very 


3^^  B.   Technological  Tests.  (372.) 

laborious  method  which  serves  no   better   object   than    that 

T 
attained  by  the  equation  F  =  -^  .  10*.     But  this  value  may 

be  readily  deduced  from  the  lesults  of  tests,  which  must  be 
noted  in  every  tension-test  as  a  matter  of  course,  and  which 
do  not  necessitate  further  waste  of  time  and  labor. 

I  have  previously  indicated  and  am  bound  to  again  clearly 
enunciate  the  fact  that  values  of  hardness,  toughness  and  plasticity 
have  not  thus  far  played  as  important  a  part  in  machine  design  and 
testing  of  materials  proper  as  seemed  likely  judging  by  the  great 
trouble  taken  by  technologists  about  this  matter.  A  difference  must 
here  be  made  between  that  which  is  practically  valuable  and  the 
strict  requirements  of  science.  We  can  only  become  efficient  by 
absorbing  the  knowledge  which  science  teaches  us,  and  instead  of 
becoming  slaves  to  it  learn  how  to  make  it  practically  useful. 
Therefore  I  again  wish  to  point  out  at  the  close  of  this  discussion 
thatthe  values  of  hardness  -^,  toughness  Tny  plas- 
ticity Fy  here  given  should  only  be  considered 
as  comparative  numbers  which  are  purely  conventional, 
and  applied  to  properties  of  materials  which  cannot,  in  themselves,  be 
clearly  defined,  because  it  is  quite  impossible  to  isolate  these  proper- 
ties from  each  other  and  study  them  separately,  as  a  chemist  might 
do  in  separating  each  element  from  a  substance  and  then  study- 
ing one  at  a  time.  We  may  be  well  satisfied  if  our  values  agree  with 
our  practical  experience  in  general,  and  gross  contradictions  are  not 
apparent,  for  it  is  rarely  necessary  that  materials  used  in  technolog- 
ical processes  must  be  compared  ia  an  exhaustive  manner  as  to 
each  and  every  one  of  their  properties.  The  problem  is  usually  to 
determine  whether  a  certain  material  complies  with  certain  require- 
ments, or  to  establish  a  standard  of  value, — an  evaluation  of  its 
practical  utility, — which  is  to  be  discussed  in  a  later  section. 


B.  Technological  Tests. 

3?3«  Bending  and  forging  tests,  which  as  a  group  are 
called  technological  tests,  are  made  additionally  to  the  resist- 
ance-tests thus  far  discussed,  to  determine  the  value  and 
utility  of  materials  Their  object  is  to  determine  the  greater 
or  lesser  degree  of  fragility  of  material  under  different  tern- 
peratures,  or  to  which  degree  it  is  malleable  when  cold  or  hot, 
i.e.,  forgeable. 


(373-375. )  Ben  ding-tests.  3^3 

a.  Bending-tests. 

373.  Bending-tests  are  made  with  bar-shaped  test-pieces 
8^  to  12*  (200  to  300  mm)  length,  which  are  bent  either  in  a 
special  bending-machine,  or  by  hammer  on  an  anvil.  The 
radius  of  curvature  of  the  neutral  axis,  Fig.  248,  or  the  angle 
of  deflection  w,  Fig.  259,  at  the  instant  of  incipient  rupture 
are  used  as  standards  of  value.  The  question  of  a  proper 
method  of  procedure  for  obtaining  uniform  and  unobjection- 
able results  has  been  repeatedly  discussed  by  the  so-called 
"Conferences," and  also  in  other  technical  circles,  but  has  thus 
far  been  but  slightly  elucidated,  because  several  methods  have 
already  been  introduced  practically,  and  it  is  contrary  to  habit 
to  change  a  customary  method.  The  bending-test,  however, 
only  gives  comparative  results  in  figures  when  made  by  special 
apparatus,  because  it  is  always  more  or  less  dependent  upon 
the  skill  of  the  smith  when  made  by  hammer.  Therefore  the 
**Co  nf  er  en  ces  for  Unification  of  Methods  of 
Test ing*' adopted  the  fundamental  principle  that  bend- 
ing-tests should  invariablybe  made  bymachine. 
No  agreement  about  the  requirements  for  the  machine  could, 
however,  be  reached,  and  hence  the  old  methods  still  obtain. 
Hence  I  shall  rapidly  describe  those  devices  which  are  now  in 
use,  without  advocating  any  one  in  particular. 

374.  The  most  common  test  is  the  hammer  bending-test. 
This  is  readily  understood.  Hammer  and  anvil  are  found 
everywhere ;  hence  the  test  can  be  readily  made.  It  was  an 
ancient  test  in  smithies,  and  the  smiths  possessed  great  skill 
in  judging  the  results  of  tests. 

The  bar  P  in  Figs.  250  and  251  is  placed  across  the  edge  of 
the  anvil  A,  held  down  by  the  sledge  £,  and  is  then  gradually 
bent  by  light  blows  of  the  hand-hammer  C.  Then  the  bar  is 
held  vertically  above  the  anvil  by  the  tongs  Z,  Fig.  251,  and 
closed  down  until  cracks  appear  at  a,  or  until  the  sides  touch. 

375.  If  the  tests  be  made  under  a  press  or  a  steam-hammer, 
it  is  customary  to  first  bend  the  bar  as  above,  and  then  placing 
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it  endwise  under  the  hammer  or  press  and  closing  it  down ; 
or  it  is  first  bent  by  the  press,  being  placed  on  the 
support  Ay  Fig.  252,  and  forced  down  by  the  rider  B  placed 
at  the  centre.  This  second  method,  which  is  very  generally 
used,  especially  in  steel-works,  caused  the  introduction  of  a 
machine  for  bending  tests,  by  means  of  which  many  hundred 
tests  are  made  daily.  In  the  Steel- works  of  Scotland 
a  press  with  reciprocating  stepped  plunger  B,  Fig,  253,  is 
used.  The  first  bend  is  produced  in  a  separate  press,  and 
the  further  deflection  is  then  produced  gradually  as  shown, 
until  the  ends  are  closed  down  {L  48 y  1886,  p.  434). 

376.  Mohr  and  F  e  d  e  r  h  a  f  f  build  a  bending-machine 
on  the  principle  shown  in  Fig.  254.  The  test-piece  is  held  be- 
tween the  cheek-pieces  B  and  A  and  then  bent  about  the  nose 
oi  A  rounded  to  radius  r  by  the  sliding  pusher  S,  which  carries 
a  roller  at  the  front  edge. 

377.  To  avoid  friction  of  bearings  as  much  as  possible,  and 
to  produce  curvature  about  an  edge  of  uniform  diameter,  the 
arrangement  shown  in  Fig.  255  has  been  used.  While  the 
plunger  B  descends,  producing  curvature  about  its  rounded 
edge  r,  the  bearing-rollers  R  advance  to  position  R^ ,  thus  clos- 
ing the  bar  at  a  uniform  rate. 

378.  Bauschinger  constructed  the  apparatus  Fig.  256 
{L  2)y  in  which  the  curvature  followed  a  definite  curvature  r 
from  the  very  beginning.  The  piece  is  held  between  cheeks  A 
and  By  and  the  roller  Ry  carried  by  a  lever,  forces  the  test-piece 
around  the  edge  r  of  block  A. 

379.  The  question  which  principles  of  method  of  test  em- 
bodied in  the  devices  described  are  to  be  preferred  cannot  be 
answered  briefly.  It  depends  principally  upon  the  point 
whether  the  simple  question  is  to  be  decided,  "whether 
a  material  will  stand  a  certain  amount  of 
bending  without  rupture,  or  will  fail  under  it, 
or  whether  the  flexibility  of  the  material  up 
to  that  point   is   to   be   determined."     In   the   first 
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case,  the  usual  one  in  practice,  the  material  is  merely  bent  to 
the  desired  degree,  and  inspection  will  then  readily  determine 
whether  the  requirements  have  been  met  or  otherwise.  In 
the  other  case,  that  of  scientific  tests,  the  amount  of  bending 
which  produces  initial  fracture  is  to  be  determined. 

In  the  first  case  it  concerns  the  manufacturer  to  know  that 
he  does  not  suffer  by  the  method  of  test,  and  that  the  apparatus 
does  not  affect  the  material  injuriously.  The  apparatus  now  in 
use  will  only  injure  the  results  of  tests  by  secondary  strains  ; 
the  receiver  therefore  can  hardly  suffer  because  of  the  method 
of  test.  The  method  and  apparatus  must,  however,  permit 
making  many  tests  readily. 

380.  These  methods  may  be  classified  according  to  their 
principles : 

a)  those  in  which  bars  are  bent  about  a  pin,  and 

b)  those  in  which  bars  are  bent  free. 
In  case  a  the  pin  may  be : 

1.  of  uniform  diameter  for  all  thicknesses  of  test-pieces ; 

2.  the 'diameter  varies  according  to  fixed  rules; 

3.  bending  occurs  in  a  constrained  manner  from  the  be- 
ginning ; 

4.  the  bar  laps  the  pin  without  constraint. 

In  bending  about  a  pin,  the  minimum  radius  of  curvature  of 
the  neutral  axis  is  determined  by  the  diameter  of  pin  and  the 
thickness  of  material ;  when  bending  free,  it  is  most  readily 
determined  by  a  plug  gauge  AT,  Fig.  257,  measuring  the  inter- 
nal curvature,  and  the  thickness  of  material  ^,  or  still  better  by 
an  external  gauge  L  and  the  thickness  a,  Fig.  258. 

381.  The  extension  of  the  extreme  fibre  is 
characteristic  for  initial  fractures.  The  ex- 
tension of  this  fibre  for  the  length  /=  i  of  the  neutral  fibre. 
Fig.  259,  and  the  radius  of  curvature  p  and  thickness  a  is  found 

from 

a  a 

P  +  -:  P  +  - 

I  :  1=  p-\ —  :  p  or  /,  = ,  also  e  = I  = — • 

'  ^       2     '^  '  p      *  p  2/0 
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(382,  383.) 


The  degree  of  stress  is  therefore  dependent 
upon  thickness  of  material  and  radius  of  cur- 
vature, and  hence  the  ratio  of  these  two  val- 
ues is  a  proper  standard  of  value  of  the  bend- 
ing capacity  of  materials. 

Under  customary  notation,  as  in  Fig.  260,  we  shall  have : 


D  = 


9  = 


0 

0.5 

I.O 

1.5 

2.0 

2.5 

0.5 

0.75 

I.O 

1.25 

1.5 

1.75 

1. 00 

0.67 

0.50 

0.40 

0.33 

0.28 

3.0tf 


2.0a 


0.25 


It  will  be  seen  that  the  angle  of  bending  B^  (com- 
monly used  as  the  standard  of  value  in  practice)  is  not  a  proper 
standard  of  value  for  degree  of  stress,  which  is  defined  only  by 
ratio  of  thickness  to  radius  of  curvature. 

382.  100^,  may  also  be  used  as  a  standard  of  value,  as 
was  proposed  by  T  e  t  m  a  j  e  r  (Z  j).  If  curvature  be  assumed 
as  carried  to  a  semicircle,  and  the  surfaces  of  ends  in  contact, 

p  will  =  -,  and  e,  „««.  =   100 —  =  100^  but  when  curvature 
2  ^  a 


2— . 
2 


=  o  or  p  =  00 ,  then  : 


'1  min.   —    100 —  O. 

200 


The  standard  of  value  proposed  byTetmajer,  hereafter 
called  bending-factor, 


a 


Bf  =  50-, 


33 


varies  between  o  and  100  (see  table  in  (j<?^) ). 

383.  The  radius  of  curvature  may  also  be  determined  in- 
directly, by  marking  divisions  on  the  tension  side  of  test-piece 
previous  to  test,  as  indicated  in  Fig.  261,  and  then  measuring 
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elongation  of  the  divisions  after  rupture,  say  between  i^  and 
5,.    If  I  —  5  was  =  /,  then  ij  —  5,  has  become  =  i,  —  5, ;  hence : 

e,  =  -^-7—,  and  as  p  =  50—,  p  =  / . 

The  first  method  of  measuring  curvature  seems  practically 
simpler.  The  second  is  actually  not  more  accurate  than  the 
first,  whenever  the  curvature  is  not  truly  circular. 

It  must  be  borne  in  mind  that  the  deviation  of  Bf^  above 
stated,  does  not  agree  accurately  with  occurrences.  To  show 
the  degree  of  variation  from  suppositions,  and  at  the  same 
time  to  give  an  indication  of  actual  occurrences  taking  place 
during  bending  carried  well  beyond  the  elastic  limit,  I  have 
represented  by  Fig.  262  a  piece  of  rubber  of  square  section 
which  was  bent  until  the  ends  touched.  The  strip  had  been 
previously  provided  with  divisions,  as  shown  by  the  parallel 
dotted  lines  in  Fig.  262.  All  dimensions  have  been  referred  to 
the  length  of  side  as  a  unit,  for  simplicity's  sake. 

The  left-hand  figure  shows  a  section  at  the  point  of  great- 
est curvature,  drawn  to  rough  measurements.  The  section 
has  had  its  height  reduced  from  1. 00  to  about  0.80,  and  its 
width  on  the  tension  side  (line  A)  to  0.79,  but  on  the  crushed 
side  (line  B)  increased  to  1.50.  The  upper  or  tension  side  Cis 
concave,  the  low  crushing  side,  D,  convex.  Closer  examina- 
tion of  the  gradual  deformation  of  the  latter  surface,  during 
test,  will  show  this  surface  at  point  marked  D  in  Fig.  b  is 
pinched,  so  that  ultimately  the  original  surface  is  doubly 
superposed  from  B  to  Dy  forming  the  hatched  meniscus  lying 
between  lines  F  B  D,  ¥\g.  a\  the  actual  section  of  bar  between 
lines  C  A  E  B  F\s  hatched  in  the  opposite  direction.  If  the 
points  where  the  sections  retained  their  original  dimensions 
most  nearly  be  determined  by  compass-measurements,  they 
will  be  found  on  line  Ey  Fig.  ^,  approximately,  while  that  line 
on  the  sides  of  the  strips  which  does  not  suffer  extension 
during  bending  will  be  found  at   about  G.     There  is  such  a 
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discrepancy  between  these  lines  even  with  crude  measure- 
ments that  the  existence  of  this  relation  must  be  admitted. 
From  this  circumstance  it  will  be  seen  that  that  part  of  the 
surface  taking  the  shape  of  a  meniscus  actually  also  takes 
part  in  the  distribution  of  stress,  and  that  the  occurrences  dur- 
ing a  bending-test  carried  to  this  extreme  point  are  much  more 
complicated  than  is  generally  assumed.  The  displacement 
of  the  free  (neutral)  layer  of  fibres  actually  takes  place  during 
a  much  earlier  period  of  the  test ;  but  this  is  not  the  place  to 
pursue  this  subject  any  further.  The  conditions  of  extension 
of  individual  parts  of  the  bar  should,  however,  be  discussed 
briefly.  Extensions  are  =  o  in  line  G,  These  and  shortening 
on  lines  C  and  B  according  to  rough  measurements  between 
dividing  lines  a  and  e  are  written  on  the  respective  lines ; 
the  changes  of   length  e  and  —  e  are    noted   in  parentheses ; 

—  e 
the  ratios  — —  are  bracketed.       These  measurements  demon- 

strate    actual  displacement  of  neutral  layer  in  proportion  to 

degree  of  curvature.     Furthermore,  the  slight  curvatures  of  the 

dividing   lines   on    the    sides  indicate    that    the  sections  of  a 

strongly  curved  bar  do  no  longer  remain  plane,  as  assumed  in 

the  bending  theory.     Practically  noteworthy  is  the  pinching  of 

the  surface  at  Z>,  because  the  opinion  is  sometimes  expressed 

that  a  rupture  took  place  at  that  point,  but  which  is  actually 

very  rarely  the  case. 

The    insufficiency  of   derivation    of   Bf  is   proven    by   the 

figures  given  in  Fig.  262,  and  is  moreover  logically  deducible ; 

a 
for  while  by  deduction  of  elongation  for  p  =  -   for  -}-  ^  =  looj^, 

i.e.  /  =^/,  and  for  crushing  —  ^  =  100^,  i.e.  /  =  o,  the  bulging 
of  section  -5,  Fig.  262,  would  have  to  be  very  great,  but  such 
is  never  the  case. 

The  greatest  elongation  in  the  previously  described  test  of 
rubber  was  found  to  be  -j-  ^^  =  82  and  —  ^5^  =  48^,  and 
similar  relation  will  also  be  found  for  soft  metals,  such  as  low 
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steel  (Flusseiscn)  (Z  705,  p.  36).  Elongation  of  low  steel  is 
rarely  found  to  exceed  355^  in  tension ;  but  measured  near  the 
point  of  stricture  it  will  be  found  nnuch  greater  {j6  and  j6j). 
The  maximum  elongation  of  bending-test  probably  greatly 
exceeds  that  found  by  tension-test ;  it  cannot,  however,  reach 

100^  {iJ7,  §  52). 

384.  Although  we  found  that  the  angle  of  curva- 
ture Ba  is  not  measure  of  the  true  stress  of 
material,  it  is  of  certain  value  when  judging  materials, 
especially  when  the  bar  was  bent  around  a  pin  from  the  very 
beginning.  For  the  greater  the  angle  of  curva- 
ture, the  greater  will  be  the  length  /  of  bar 
subjected  to  stress;  the  greater  will  be  the  proba- 
bility that  this  length  contains  one  point  which  may  be  the 
cause  of  rupture.  It  may  be  said  that  this  agrees  with  the 
purposes  of  test,  for  the  object  is  to  produce  transverse  frac- 
ture, and  the  producer  has  no  reason  to  complain  about  in- 
creased severity  of  test  when  under  proper  selection  of  B^  iSo^ 
of  curvature  be  prescribed. 

385.  The  bending-test  is  made  either  with  flat, 
nicked  or  punched  bars.  These  strips  when  of  soft 
material  may  be  cut  by  the  shears  or  punch,  but  i  n 
these  cases  must  be  trimmed  on  the  edges 
by  machine  tools  or  the  file.  The  edges  at 
which  the  bars  are  to  be  bent  should  be  rounded  to  a 
radius  of  about  ^a,  because  the  presence  of  sheared  edges  or 
square  corners  is  often  cause  of  cracks,  which  are  not  due  to 
defective  material,  but  to  preparation. 

386.  In  order  to  give  proper  consideration  to  the  law 
of  similarity,  which  also  applies  in  the  case  of  b  e  n  d  - 
ing-tests,  provision  has  been  made  at  the  Charlotten- 
burg  Laboratory  that  test-pieces  have  the  following 
dimensions  proportional  to  thickness  / : 

t  =  a;  width  ^  =  3/ ;  total  length  Z  =  18/. 
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The  test  is  made  on  a  press  as  in  Fig  252,  using  a  length 
/=  15/;  the  apparatus  is  arranged  to  comply  with  this  con- 
dition readily.     The  radius  of  the  curved  end  of  punch  is  r  =  /. 

387.  If  nicked  pieces  are  to  be  tested,  it  will  be  necessary 
that  the  producer  and  the  purchaser  agree  upon  a  method  of 
nicking.  It  is  easiest  to  nick  the  bars  with  a  cold-chisel,  cutting 
to  a  depth  of  .04  or  .08  in.  [or  still  better  of  (0.1-0.2)/],  Fig. 
263.  The  material  is  not  so  easily  injured,  and  uniformity  is 
more  readily  preserved  by  planing  the  grove.  The  bar  is 
then  bent  with  the  nick  located  on  the  tension  side,  at  the 
section  of  maximum  stress. 

388.  In  case  of  the  perforation  b  en  d  i  n  g-t  e  s  t, 
the  strip  is  perforated  at  the  centre,  Fig.  264,  and  it  is  then 
bent  so  that  the  diameter  of  hole  coincides  with  section  of 
maximum  stress.  The  test  is  less  severe  when  the  hole  is  drilled 
than  when  it  has  been  punched.  Diameter  of  hole  d,  width  of 
strip  b  and  thickness  /  should  always  bear  the  same  ratio  as 
nearly  as  possible,  about  d=^2t  and  b=  5/.  If  punching  is 
prescribed,  the  method  of  producing  the  hole  should  be  speci- 
fied, for  it  is  not  itnmaterial  whether  the  strips  be  punched  or 
the  strip  be  cut  from  the  sheet  after  punching. 

389.  In  case  of  very  soft  materials,  such  as  copper,  it  is 
customary  to  cut  a  thread  on  the  bar  before  making  the  bend- 
ing-test.     This  is  of  course  a  more  severe  test. 

390.  Bending-tests  are  usually  made  on  the  material 
when  in  different  conditions,  in  order  to  obtain  a  most  com- 
prehensive opinion  about  its  properties.  Cold-bending 
tests  are  made  either  at  ordinary  temperatures  or  after 
artificial  cooling.  Recently  temperatures  of  —  40°  F.  (40°  C.) 
have  been  used  for  testing  iron  and  steel.  Melting  ice  is  used 
for  producing  32**  F.  (o**  C.) ;  —  4**  F.  (—  20°  C.)  is  obtained  by 
mixtures  of  crushed  ice  and  rock  salt  or  snow  ;  still  lower  tem- 
peratures are  obtained  by  solidified  carbonic  oxide  {2pd). 
These  tests  were  to  prove  whether  the  materials  investigated 
became  more  brittle  and  fragile  by  cold.     It  is  customary  to 
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call    bending-tests    made    under    atmospheric    temperatures 
simply  cold-bending  tests. 

391.  So-called  hot-bending  tests  are  made  while 
the  material  is  at  a  blue  or  red  heat.  Both  temperatures  are 
important  for  iron,  because  it  may  become  much  more  fragile 
at  these,  under  certain  conditions,  than  when  cold  or  bright 
red.  Iron  is  said  to  be  at  a  blue  heat  if  it  shows  no  red 
color  upon  withdrawal  from  the  fire,  but  a  freshly  filed  surface 
takes  a  blue  color,  and  retains  this  color  for  some  time ;  the 
test  must  then  be  rapidly  made.  If  the  temperature  was  too 
high,  the  color  will  disappear  ;  if  too  low,  it  will  not  appear  at 
all.  Strips  are  most  conveniently  heated  in  a  lead-bath  or  a 
heating-furnace.  This  test  shall  be  briefly  called  the  b  1  u  e  - 
heat  test. 

The  red-heat  test  is  made  as  soon  as  the  strip  has 
been  heated  so  that  it  shows  a  red  color  plainly  when  shaded. 
By  experience  these  temperatures  are  readily  judged. 

392.  It  is  important  to  know  the  properties  of  some  ma- 
terials in  an  annealed  or  quenched  (hardened)  con- 
dition. To  anneal  pieces  reliably,  they  are  heated  uni- 
formly to  the  maximum  temperature  under  which  the  material 
is  not  injured,  and  then  buried  in  dry  cinders  from  a  smith's 
fire.  Thus  they  cool  gradually  during  several  hours.  Quench- 
tests  are  made  on  strips  plunged  suddenly,  when  at  the  most 
effective  temperature,  into  a  bucket  of  water  at  temperatures  of 
from  59°  to  86°  F.  (i 5^-30°  C),  and  hence  rapidly  cooled  ;  it 
must  not  be  forgotten  to  move  the  bars  about  while  in  the 
water,  and  that  a  sufficient  quantity  of  water  be  used  to  avoid 
material  increase  of  temperature  of  the  latter.  The  bars  are 
then  tested  as  already  described,  when  cold.  The  circum- 
stances under  which  pieces  are  quenched  play  an  important 
part  in  some  materials. 
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b.  Wire  Tests. 

393*  In  course  of  time  a  special  method  has  been  devel- 
oped for  testing  wire.  The  postal  department  and  mine  au- 
thorities in  Germany  were  the  instigators.  There  are  definite 
specifications  for  telegraph  and  hoisting-rope  wire. 
Besides  the  tension-tests  usually  made  by  manufacturers  of 
hoisting-rope  on  each  wire,  b  e  n  d.i  n  g-  and  tension-tests 
are  also  made. 

394.  Bending- tests  are  made  by  a  special  apparatus, 
based  on  the  following  principle :  The  wire  is  clamped  be- 
tween jaws  of  a  vise,  Fig.  265,  having  edges  r  of  definite  curva- 
ture. Wire  D  passes  loosely  through  a  guide  /^fastened  to  a 
lever  H^  which  turns  about  centre  M.  The  wire  can  then  be 
steadily  and  slowly  bent  from  position  i  to  2  and  3  consecu- 
tively and  back  again.  The  bend  1-2-1  or  1-3-1  is  counted 
as  a  full  bend,  and  the  number  of  bends  borne  by 
the  wire  before  rupture  is  noted. 

As  a  rule  the  curvature  at  r  and  length  of  lever  from  point 
M  of  rotation  to  F  are  alone  prescribed.  In  this  case,  as  we 
have  seen,  the  stress  produced  in  wires  of  different  thicknesses 
cannot  be  the  same.  As  different  standards  are  used,  dif- 
ferent numbers  of  bends  should  be  prescribed 
for  different  thicknesses.  In  order  to  comply 
accurately  with  the  la^v  of  similarity  the  ra- 
dius r  and  length  M F  should  be  taken  propor- 
tional to  thickness  of  wire.  In  this  case  equal 
numbers  of  bends  could  be  prescribed  for  like  mate- 
rial of  different  diameters. 

395.  A  further  technological  test  commonly  prescribed 
for  telegraph-wire  is  that  it  should  be  wound  upon 
itself  (and  when  very  soft  to  be  again  unwound).  This  ful- 
fils the  law  of  similarity  directly. 

396.  Carding-  and  spring  wire  must  be  especially 
tested    for    uniformity   of    elastic    properties.     This   is 
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commonly  done  during  the  bending-test,  by  clamping  the  wire 
in  the  moderately  rounded  jaws  of  vise  BB,  Fig,  266,  then 
bending  it  down  sharply  into  the  position  2,  and  letting  it  re- 
turn to  position  3  by  its  own  resilience.  The  ratio  between 
radius  of  curvature  of  vise-jaws  and  half-diameter  of  wire  will 
be  the  measure  of  bending-factor  Bf^  and  the  angle  a  the  meas- 
ure of  resilience  of  the  wire.  If  thicker  wires  are  to  be  tested, 
cheeks  of  diflferent  curvature  r  must  be  inserted. 

397*  It  is  frequently  specified  that  telegraph-wi  re  be 
capable  of  being  twisted  a  definite  number  of  times 
about  its  axis  in  a  given  length,  as  a  rule  in  6  inches 
(15  cm),  before  rupture.  One  end  of  the  wire  is  fixed  to  a 
spindle,  Fig.  267,  and  a  carriage  at  the  other,  which  permits 
free  motion  longitudinally.  Occasionally  a  light  weight  P  is 
attached  to  stress  the  wire.  The  number  of  revolutions  of  the 
crank  up  to  rupture  is  counted.  The  law  of  similarity 
also  applies  in  this  case,  and  hence  comparative  re- 
sults can  only  be  obtained,  not  when  a  definite  length  of  wire 

/ 
is  used,  but  when  a  definite  ratio  -j   between    free 

length  and  diameter  is  prescribed.  In  this  case 
alone  an  equal  number  of  twists  may  be  borne  by 
different  thickness  of  wire  of  like  material. 
With  equal  length  the  number  of  twists  prescribed  should  de- 
crease for  increase  of  diameter. 

e.  Forging-tests. 

398.  Forging-  or  hammer-tests  are  made  on  mate- 
rial either  when  h  o  t  or  when  col  d — at  blue  or  red  heat  when 
made  hot.  The  particular  method  must  be  specially  adapted 
to  suit  the  object  to  be  tested.  Forging-  and  hammer-tests  are 
therefore  so  manifold  that  but  a  few  can  be  described  here. 

399.  That  most  generally  made  is  called  the  spread - 
ing-test.     In  this  test  flat  bars  are  spread  by  fuller,  length- 
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wise  and  crosswise ;  the  increase  of  breadth  b^  and  of  length  /. 
and  decrease  of  thickness  a^  are  measured,  Fig.  268.  The 
test  is  continued  until  cracks  appear  in  the  edges.  The 
necessary  temperature,  in  certain  cases,  must  be  maintained 
by  reheating  during  test. 

The  law  of  sim  ilar  ity  also  applies  in  these  tests,  and 
it  will  be  well  not  to  forget  it  when  comparing  test- pieces  cl 
very  different  dimensions,  I  therefore  prescribed  that  the 
uninjured  ends  of  bending-test  strips  be  used  in  the  Char 
lottenburg  Laboratory,  or  else  other  pieces  of  similar 
dimensions.  When  making  tests  it  must  be  noted  that 
test-lengths  /  =  1.5  to  2b  be  invariably  spread  or 
stretched,  and  that  then  the  shoulders  5,  Fig.  268,  be  partic- 
ularly well  developed  on  the  test-piece.  The  hammered 
end  should  have,  as  nearly  as  possible,  uniform  thick- 
ness throughout  during  test.     The  formula 

Fl  ^z-j-.  100  or  Sir  =  -^ .  100  ....     34 

may  be  recommended  as  standards  of  value  for  spreading 
and  stretching. 

400.  The  upsetting-test,  especially  used  for  rivet- 
material,  and  generally  at  a  bright  red  heat,  is  made  on 
a  plug  of  length  I  z=z  2d  (diameters),  which  is  upset  until 
superficial  cracks  appear.  The  proportional  short- 
ening may  be  used  as  a  standard  of  quality  as  in  (^2jS) : 

^  =  —  ^1  .  100. 

401.  The  perforation- or  driftin  g-t  e  s  t  is  gen- 
erally  made  at  bright  red  heat  by  means  of  the  drift,  sue 
ceeded  by  pins  of  larger  diameter  until   cracks  appear  at 
the  edges,  the  strip  being  reheated  as  required.  Fig.  269. 

The  standard  of  quality  is  obtained  by  ratio  of 
dimensions  of  hole  before  and  after  test, 
by  expanding: 

Exp.  =  ^  .    100 35 


J 
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The  law  of  similarity  should  of  course  be  borne  in 
mind  when  comparative  tests  are  desired  ;  as  in  the  perforation 
bending-test  {j^^)^  d  =•  2t  and  ^  =  5/  should  be  used.  Some- 
times the  distance  c.  Fig.  269,  is  also  specified. 

402.  It  is  customary  to  point  bars  to  be  used  for  horse- 
shoe nails  or  in  nail  manufacture  to  determine  the  behavior  of 
the  material ;  they  must  draw  out  to  a  fine  point 
withoutchecks  or  splitting. 

403.  Welding-tests  are  also  made,  by  splitting  a  bar 
and  then  again  welding  it  together.  The  perfection  of  weld  is 
determined  by  cold- bending  test,  making  the  bend  at 
the  weld.  Sometimes  tension-tests  are  made  of  the  welded 
pieces. 

d.  Yarions  Tests. 

404.  Shape-iron  and  other  similar  material  is  frequently 
tested  in  the  finished  shape,  and  these  tests  are  often  pre- 
scribed in  specifications. 

Angle-iron  for  shipbuilding  is  bent  cold  into  shapes  as  shown 
in  Fig.  270,  a-d.  The  flanges  are  cut  and  then  flattened  out 
as  in  a  and  ^,  or  rolled  up  as  in  ^  and  d.  The  latter  are  espe- 
cially apt  to  develop  defective  spots  and  cracks,  due  to  defec- 
tive ingots  and  piles,  which  remained  unwelded  during  rolling. 

405.  Plate  is  tested  according  to  the  purposes  for  which  it 
is  to  be  used,  whether  to  be  drawn  down  to  a  thin  edge  at 
corners,  or  flanged  as  in  boilers.  Drifting-tests  are 
sometimes  prescribed  for  sheet  copper.  The  French  Govern- 
ment requires  this.  According  to  B  a  c  1  6  (Z  704,  II,  p.  209) 
it  prescribes  that  a  bowl  of  radius  p  and  depth  /*,  Fig.  271,  be 
formed  of  a  disk  of  radius  R  and  thickness  a^  and  requires 

for  /  >  0.25  in.  :  /=  4  in.; 
for  /  >  0.12  in.  :  /=  4.75  in.; 
for  /<ai2in.:/"  =  6in. 
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The  dimensions  should,  however,  be  proportionate  to  thick- 
ness of  sheet  in  these  requirements,  to  comply  with  the  law 
of  similarity;  for  thickness  of  sheets  up  to  0.4  in.  the 
above  dimensions  may  be  stated  as  p  =  20  X  ^ ;  /^  =  22/. 

If  possible,  the  test  should  be  made  by  machine,  without 
hammers,  which  may  be  done  as  shown  in  Fig.  272.  A  plate, 
R  =  32a,  is  pushed  through  the  perforated  die  having  rounded 
edges  of  r  =  4a  and  diameter  =  44a,  by  a  plunger  of  radius  p^ 
=  iSa,  until  cracks  appear,  or  until  it  fits  the  plunger.  The 
depth  of  depression  at  instant  of  initial  cracks  in  terms  of  a 
serves  as  a  standard  of  value.  If  these  ratios  be  used  for  plates 
varying  from  i  to  ^  in.  thickness  and  the  dimensions  be 
changed  for  each  increase  of  thickness  of  0.078  in.  (2  mm),  5 
dies  and  plungers  of  rough  cast  iron  will  suffice. 

If  very  thin  sheet  metal  a  <  0.078  is  to  be  tested  similarly, 
it  might  be  well  to  use  plungers  with  hemispherical  ends  of 
/>,  =  1 8a,  and  disks  of  J?  =  32^?,  and  to  force  them  into  a  thick 
plate  of  lead,  instead  of  through  a  die. 

If  greater  or  less  stress  is  to  be  developed  than  that  as- 
sumed under  proportions  given  by  the  French  specifications, 
the  ratios  a/p^  etc.,  are  to  be  relatively  increased  or  decreased. 
Similar  tests  of  iron  plate  have  been  made  in  Sweden  in 
conformity  with  Fig.  271  and  an  impact  machine  {2jo). 

406.  The  French  State  Railway,  according  to  Bacl^ 
{L  io4y  II),  prescribes  forming  a  cylindrical  flange 
with  flat  r  i  m,  as  in  Fig.  273,  for  testing  sheet  copper  of 
less  than  J  in.  thickness.  But  for  this  test  as  well  it  would  be 
advisable  to  prescribe  definite  ratios  of  dimen- 
sions, as  without  them  there  would  be  no  measure  of  actual 
stress.  The  following  dimensions,  in  multiples  of  a,  should  be 
determined  :  /?,  7?, ,  r  and  /. 

Hand-work  should  be  avoided  in  this  test  as  much  as  pos- 
sible ;  this  may  become  possible  by  driving  a  conical  plunger 
through  the  ring  into  an  annular  former,  Fig.  274.  The  ratio 
r^  /R^AOO  at  the  instant  of  initial  rupture  may  be  used  as  the 
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Standard  of  comparison.  The  conical  cast-iron  plunger  should 
be  made  as  smooth  as  possible,  and  to  be  covered  with  graphite 
before  test.  I  should  temporarily  recommend  the  following 
dimensions : 

R.  =  iSa,  Z,  =  soa,  R^  =  22a,  R  =  32^1,  R^  =  10a. 

Different  dies  only  are  necessary  for  the  apparatus,  as  the 
plunger  can  be  used  for  all  cases. 

Thin  sheets  a  >  i  in.  might  be  tested  on  a  lead  block, 
as  explained  in  (40^),  in  which  case  the  a  plunger  with  conical 
end,  as  in  Fig.  274,  would  be  required. 

407.  Flanging  is  a  common  test  for  tubes  and  connections 
of  malleable  metals,  as  in  Fig.  275.  In  this  case  definite  ratios 
of  dimensions  should  also  be  prescribed,  although  it  is  not  a 
very  simple  matter,  as  thickness  and  diameter  may  both  vary. 

Considerable  success  in  omitting  hand-work  was  achieved 
in  the  Charlottenburg  Laboratory;  in  addition  to 
the  flanging-test,  the  method  of  expanding  as  shown  by  Fig. 
276,  in  which  a  smooth  cone  of  definite  dimensions,  covered 
with  graphite,  is  driven  into  the  pipes  or  tubes ;  it  is  advisable 
to  use  a  cone  having  the  ratio  of  i?. :  Z.  =  i  :  2.5,  Fig.  274. 
The  standard  of  comparison  may  in  this  case  again  be  the 

ratio  of  expanding  ~.  100.     It  must,  however,  be  remem- 

a 

bered  that  the  ratio  -  affects  the  deformation. 

r 

408.  Beside  the  flanging-  and  expanding-test,  upsetting- 
and  crushing-tests  are  also  made  at  Charlottenburg  on 
sections  of  pipe  having  a  length  equal  to  external  diameter, 
for  the  purpose  of  developing  the  character  of  the  pipe  ma- 
terial. Fig.  277  shows  characteristic  phenomena,  previously 
described  in  {^SS)>  occurring  in  tubing  of  soft  material  of  dif- 
ferent thicknesses. 

It  is  also  customary  to  flatten  pipes  sidewise  and  then  to 
double  them  over  as  in  Fig.  278,  and  then  to  note  cracks.     In 


I 
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welded  or  soldered  tubes  the  joint  should  be  placed  in  the 
section  of  maximum  bending-stress. 

409.  The  apparatus  shown  by  Fig.  279*  is  used  for 
making  comparative  tests  of  elasticity  and  hardness  of  steel 
balls  for  ball  bearings,  in  which  the  balls,  following  each  other 
at  proper  intervals,  roll  down  a  trough  set  at  a  definite  angle, 
and  then  drop  on  a  flat  hardened  plate.  From  this  plate  they 
jump,  according  to  their  varying  elasticity  and  hardness,  to 
different  heights,  and  must  pass  over  an  interposed  obstruction 
in  order  to  be  considered  suitable  for  a  definite  purpose.  The 
unsuitable  are  thus  simply  sorted  out. 

e.  Hydraulic  Tests. 

410.  Vessels,  pipes,  etc.,  as  units,  or  parts  thereof 
specially  prepared,  are  tested  by  internal  pressure.  The  ob- 
jects of  such  tests  are  to  determine  either  their  stanch- 
ness  under  a  prescribed  internal  liquidorgas 
pressure,  their  freedom  from  deformation, 
or  the  resistance  of  the  material  in  the  shape 
ofthe  vessel.  In  the  latter  case  it  is  an  object  to 
determine  to  what  extent  the  resistance  found  from  a  stand- 
ard test-bar  is  utilized  in  the  construction.  It  would  be  neces- 
sary to  study  the  theory  of  resistance  of  vessels  in  order  to 
obtain  a  complete  knowledge  of  the  occurrences  of  a  pressure- 
test.  This  would,  however,  be  beyond  the  scope  of  a  book  on 
testing  materials.  While  referring  to  other  works  on  resist- 
ance of  material,  and  especially  that  of  B  a  c  h  (Z  /j/),  for  this 
theory,  I  shall  treat  solely  of  cases  which  are  important  in 
testing  materials ;  these  are  tests  of  vessels  (generally  tubes) 
which  are  called  "  thin,"  and  for  which  the  stress  of  the  mate- 
rial is  readily  determined  by  the  formula 

•^=4 36 

♦Patented  in  Germany  (DRP  89231)  by  E.  Peitz,  Berlin. 
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if  5  be  the  stress  produced  by  hydraulic  pressure  /  in  a  vessel 
of  diameter  d  and  thickness  /.  The  longitudinal  stress  pro- 
duced by  the  pressure,  because  generally  very  small,  is  neg- 
lected. It  is,  however,  self-evident  to  determine  in  each  case 
in  which  manner  this  simple  formula  is  applicable. 

411.  The  test  is  usually  made  by  water-pressure,  because 
this  produces  the  least  possible  danger  from  flying  pieces  at 
the  instant  of  rupture,  because  then  the  elasticity  of  the  mate- 
rial alone  is  the  acting  force.  It  is  necessary  to  take  extraor- 
dinary precautions  for  safety,  because  of  the  energy  existing 
in  compressed  gases  when  making  rupture-tests  by  compressed 
gases,  or  when  there  is  even  a  possibility  of  rupture.  Hence 
the  hydraulic  test  only  shall  be  discussed. 

Pressure  is  generated  by  small  hand-pumps,  unless  it  is  ex- 
cessive, and  it  is  measured  by  gauges,  usually  spring-gauges. 
If  high-pressure  systems  are  available,  as  is  the  case  in  the 
Charlottenburg  Laboratory,  the  testing  is  very 
simple  and  convenient.  The  material  to  be  tested  is  coupled  to 
the  high-pressure  pipes  carrying  a  pressure  of  420  at.  by  a  cop- 
per pipe  about  \  in.  inside  and  0.4  in.  outside  diameter  and  50 
to  65  ft.  long,  which  is  very  flexible  and  can  stand  pressures 
up  to  5000  at.  A  valve-chamber  is  coupled  between  the  test- 
piece  and  pressure  system,  which  at  the  same  time  controls  con- 
nections with  one  or  several  gauges,  or  branches  to  other  places. 
If  several  systems  are  to  be  connected,  the  coupling  used  with 
greatest  success  at  Charlottenburg  and  shown  in  Fig. 
280,  having  a  double-ended  steel  cone  and  which  has  been 
found  absolutely  tight  under  pressures  of  5cxx)  at.,  is  com- 
mended. 

412.  If  spring- gauges  be  carefully  used  and  care- 
fully guarded  against  shock,  they  show  very  slight  changes 
and  may  be  used  up  to  very  high  pressures.  The  Charlot- 
tenburg Laboratory  has  gauges  reading  up  to  2000  at. 
These  gauges  are  frequently  compared  with  each  other,  and 
with  others  kept  for  this  purpose  alone,  thus  making  any  pos- 
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sible  changes  readily  noticeable ;  besides  this  several  gauges  are 
used  simultaneously  in  important  tests.  To  protect  gauges  on 
testing-machines  and  in  hydraulic  tests  against  shock,  check- 
valves  as  shown  by  Fig.  281  are  used.  A  disk  perforated  by  a 
very  small  hole  closes  the  opening  of  the  gauge-duct  by  a  fine 
spring.  The  pressure-water  raises  the  disk  and  then  passes 
through  the  grooves  in  its  edge  with  very  slight  hindrance 
to  the  gauge,  while  the  small  hole  alone  permits  its  return. 

413.  The  apparatus  shown  in  Fig.  282  is  used  at  C  h  a  r- 
lottenburg  to  produce  pressures  from  400  at.  to  700  at.;  it 
is  a  steel  casting  which  is  fitted  to  a  testing-machine  of  220,ocx) 
lbs.  (100,000  kg)  capacity;  it  is  provided  with  a  packing  of  a 
leather  U  collar,  which  has  been  found  satisfactory  at  pressures 
of  900  at.;  it  has  an  admission-valve  by  means  of  which  it  can 
be  refilled  from  the  mains  without  removal  from  the  machine. 
The  pressure  in  the  main  forces  the  piston  back  after  release 
of  load  by  the  testing-machine.  The  pressure  may  also  be 
calculated  from  the  load  indicated  by  the  testing-machine  and 
the  diameter  of  plunger  (-|- packing  friction),  and  is  a  very  good 
check  on  the  gauge-readings.  The  apparatus  has  also  been 
used  in  connection  with  the  standard  gauges  for  the  purpose 
of  comparison  and  calibration  of  testing-machines. 

For  producing  very  high  pressures  up  to  10  000  at.  a  press 
like  Fig.  282,  with  a  ring  shrunken  on  the  outside,  like  those  on 
guns,  is  used  at  the  Charlottenburg  Laboratory 
in  the  looooo-kg  machine. 

414.  The  Charlottenburg  Laboratory  has  fre- 
quently had  occasion  to  make  hydraulic  pressure-tests  in  a 
testing-machine  without  use  of  gauges  or  a  press,  especially 
when  an  approximate  determination  of  very  high  bursting- 
pressures,  of  rifled  and  smooth  gun-barrels,  was  sufficient. 
The  test  was  made  as  shown  by  Fig.  283.  Two  loosely  fitting 
bolts  were  inserted  in  each  end  of  the  barrels,  and  short  pieces 
of  black  rubber  hose,  passed  over  the  conical  ends  of  these 
bolts,  served  as  packing.     One  of  these  bolts  was  secured  by  a 
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cap  screwed  over  the  end  of  the  barrel,  and  the  other  was 
forced  into  the  heavy  oil  in  the  barrel  by  the  testing-machine, 
which  measured  the  load.  In  this  manner  it  was  possible  to 
determine  the  bursting-pressures  of  very  thick-walled  vessels, 
such  as  guns. 

The  rubber  sleeves  could  be  made  tight,  although  with  some 
difficulty,  even  in  rifled  barrels.  Perhaps  this  method  will  be 
still  more  satisfactory  by  using  the  gelatine  solution  described 
below.  Similar  tests  have  also  been  made  with  carefully 
turned  hard  rubber  or  metal  sleeves,  but  the  use  of  pieces  of 
rubber  hose  is  so  easy  and  simple  that  it  is  as  a  rule  preferred. 
In  our  laboratory  they  answered  for  more  than  3000  at. 

415*  For  testing  pieces  of  pipe  without 
flanges  or  similar  bodies,  in  which  it  is  difficult  to  attach  a 
tight  seal,  a  method  similar  to  the  previous  has  been  used  at 
Charlottenburg,  As  shown  in  Fig.  284  the  two  pipe 
ends  were  packed  with  leather  cups,  which,  being  scraped  thin 
at  the  edges,  adhere  closely  even  to  rough  walls.  If  the  walls 
of  the  pipes  were,  however,  too  rough,  they  were  smoothed  off 
by  means  of  resin-wax  putty,  which  should  not  be  wanting 
in  any  testing  laboratory.  This  putty  may  be"  readily  made 
by  melting  proper  amounts  of  the  two  substances  together. 
To  produce  a  still  better  joint,  the  cups  may  be  flowed  on  the 
inner  surface  with  glue  which  has  been  somewhat  macerated 
by  chromate  of  potash  to  make  it  insoluble  in  water.  This 
glue-jelly  acts  like  a  rubber  cushion  and  presses  the  edges  of 
the  cups  tightly  against  the  walls  of  the  tubes.  The  cups  are 
backed  by  loosely  fitting  plungers,  which  take  the  pressure  of 
the  testing-machine  as  in  the  case  of  the  rifle-barrels  {^4^4\ 
when  tests  may  be  made  without  a  gauge.  -  If  the  pressure  is 
to  be  determined  by  a  gauge,  a  sealed  tube  must  be  connected 
to  the  vessel.  This  is  done  most  readily  by  means  of  one  of 
the  plungers  and  a  cup,  made  as  shown  at  a  and  ^,  Fig.  285. 
The  cup  is  either  provided  with  a  smaller  cup  at  the  centre, 
through  which  the  pointed  end  of  the  plunger  is  forced,  its 


33^  B.   Tkchnological  Tests.  (416-418.) 

edges  acting  as  a  sleeve  and  packing  it,  or  a  special  small  cup 
as  at  b  is  sewed  to  the  bottom  of  the  larger  cup,  sealing  the 
seam  with  pitch  or  wax.  It  is  still  better  to  fill  the  cup  with 
glue  as  shown  in  Fig.  285,  b.  For  heavy  pressures  the  tube 
must  be  prevented  from  being  forced  out  by  the  reaction. 

416.  The  devices  shown  in  Figs.  282  to  284  of  course 
answer  only  in  case  the  tube  material  does  not  suffer  large 
deformations,  for  if  these  occur  the  cupped  leather  will  finally 
be  blown  out  between  the  plunger  and  the  surface  of  the  tube. 
When  material  spreading  may  be  expected  to  occur,  provision 
must  be  made  for  it.  This  is  done  at  Charlottenburg  either 
by  fitting  a  sleeve  over  the  tube  ends,  or  winding  them  by 
wire  under  tension  as  in  Fig.  286,  a  and  b.  Under  these  con- 
ditions the  cupped  leather  packing  has  answered  under  the 
highest  pressures ;  it  is  used  even  for  the  smallest  pipe ;  for 
very  large  diameters  above  39  in.  (i  m)  U-shaped  cupped 
collars  are  used. 

417.  If  the  use  of  the  testing-machine  to  resist  pressures 
is  inconvenient  for  any  reason,  bolted  frames,  as  shown  in 
Figs.  287  and  288,  may  be  used.  When  the  bolt  passes 
through  the  \:entre,  the  pressure  on  the  end  surfaces  of  the 
packing  may  be  materially  reduced  by  providing  a  very  limited 
amount  of  play  between  the  surface  of  tube  and  the  surround- 
ing chamber,  and  packing  the  same  by  a  U  collar. 

418.  To  avoid  the  use  of  end  rings  or  wire  wrapping  when 
testing  very  soft  materials  the  device  shown  in  Fig.  289  may  be 
tried.  The  packing  of  the  tension-rod  is  accomplished  by  a  U 
collar,  and  that  at  the  ends  by  an  angular  ring  of  soft  rubber 
packed  with  layers  of  linen.  This  ring  may  perhaps  be  made 
of  a  long  piece  with  tapering  ends,  so  as  to  be  suitably  fitted 
to  different  diameters  of  tubes.  Its  section  should  be  about  as 
shown  in  Fig.  290,  so  that  the  sharp  edges  turn  outwardly, 
and  then  fit  the  inner  surfaces  neatly  upon  insertion.  To  ob- 
tain this  packing  at  the  inner  tube  surface  satisfactorily  ini- 
tially, it  is  well  to  use  an  elastic  split  ring,  as  indicated  in  Fig. 
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289,  consisting  of  a  bent  brass  strip,  etc.  This  rubber  packing 
will  probably  follow  the  expanding  tube.  Unfortunately  there 
has  not  yet  been  an  opportunity  to  test  this  device  at  the 
Chariot tenburg  Laboratory;  it  wou)d  certainly  sim- 
plify tests  materially. 

419.  The  devices  thus  far  discussed  mainly  served  the 
purpose  of  preventing  longitudinal  stress,  so  as  to  permit 
the  circumferential  stress  to  act  as  much  as  possible.  It  is, 
however,  customary  practice  in  pipe-testing  machines  to  pre- 
vent leakage  at  ends,  mainly  by  causing  them  (flanges)  to 
simply  bear  against  thick  rubber  disks  on  the  heads  of  the 
machines,  with  sufficient  pressure  to  make  a  tight  joint  under 
hydraulic  pressure.  This  method  is  undoubtedly  the  simplest 
for  making  simple  and  numerous  pipe-tests  when  metal  pipes, 
cast  pipes,  etc.,  are  to  be  tested,  and  is  not  at  all  objectionable ; 
but  when  tile  and  cement  pipes  sometimes  having  irregular 
ends  are  to  be  tested  by  internal  pressure  it  is  questionable, 
because  the  pressure  of  the  rubber  may  introduce  indetermi- 
nate and  sometimes  even  dangerous  stresses  in  the  pipe. 

420.  If  the  circumferential  as  well  as  longitudinal  stresses 
are  to  act  on  the  test-piece  simultaneously,  then  the  pipes  are 
closed  by  flange-plates  or  screwed  caps.  Where  this  is  impos- 
sible, as  in  sections  of  metal  tubes,  the  method  shown  in  Fig. 
291  was  adopted  in  suitable  , cases  at  the  Charlotten- 
burg  Laboratory.  The  pipe  was  sealed  by  providing 
several  sawcuts  in  the  pipe  end,  inserting  the  leather  cup  as 
in  Fig.  286,  and  then  inserting  a  slightly  conical  plug.  There- 
upon a  conical  ring  is  forced  over  the  split  end  of  the  pipe  so 
as  to  close  it  down  on  the  inner  plug.  This  seal  was  very 
satisfactory  even  for  very  high  pressures. 

421.  Measurements  of  deformation  generally 
consist  of  determination  of  permanent  deformations  after  test, 
and  are  most  conveniently  made  by  wrapping  a  thin  steel  tape 
about  the  outside.  For  making  finer  measurements  at  the 
Charlottenburg  Laboratory    I    constructed  the  ap- 
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paratus  whose  principle  is  embodied  in  Fig.  292.  One  end 
of  the  steel  tape  5,  wrapped  about  test-piece  P,  marked  by 
dotted  line,  is  connected  to  the  rod  L  and  is  loaded  at  the 
other  by  the  weight  G.  A  fine  string  tensioned  by  the 
spring/* is  connected  to  the  steel  tape,  and  wrapped  about  the 
roller  r  of  an  indicator.  The  circumferential  changes  of  the 
tube  may  thus  be  readily  indicated  on  a  10-  or  2ofold  scale. 
The  pipe  must  be  lightly  tapped  by  a  wooden  mallet  before 
each  reading,  so  as  to  eliminate  the  friction  between  the 
tape  and  the  test-piece.  The  apparatus  has  worked  quite 
satisfactorily. 

4t22.  A  definite  problem,  which  may  be  considered  as  a 
test  of  material,  shall  therefore  be  here  described  ;  it  was  the 
testing  of  iron  flasks  for  transportation  of  com- 
pressed   or    liquefied    gases.* 

Governmental  hydraulic  tests,  which  are  to 
be  repeated  from  time  to  time  in  some  countries,  had 
been  prescribed  for  such  vessels.  These  flasks 
must  not  show  permanent  set  after  test  by  specified  pressures. 
Permanent  deformation  may  be  determined  either  by  circum- 
ferential measurements  or  by  the  quantity  of  water  con- 
tained before  and  after  test  by  weighig.  Then  difference 
in  weight  gives  the  expansion  directly. 

423.  If  measurements  are  to  be  made  during  the  tests, 
the  danger  of  rupture  must  be  considered  and  suitable  arrange- 
ments provided.  This  may  be  done  as  indicated  in  Fig.  293  ; 
there  are  several  similar  devices  (Z  ^<P,  1895,  I,  p.  553)  in  use. 
The  flask  F  is  connected  to  a  cover  D,  the  joint  being  packed 
in  any  manner,  as  by  a  rubber  ring  R.  Flask  and  cover  are 
placed  in  a  closed  vessel  G  containing  water.  If  pressure  from 
a  pump  or  an  accumulator  be  admitted  by  pipe  P,  the  elastic 
deformation  of  the  flask  will  cause  the  water  to  rise  in  tube  M 


*The  complete  tests  of  materials  for  gas-flasks  will  be  found  in  the 
Reports  {L  i8S),  where  bibliographical  references  will  be  found. 
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and  indicate  the  expansion  of  flask  on  a  multiplied  scale  de- 
pending upon  the  diameter  of  the  gauge-tube.  The  indications 
on  M  after  release  will  show  the  permanent  expansion  of  flask 
F.  It  is  self  evident  that  the  thermal  condition  of  apparatus 
must  remain  constant  during  test.  Leaks  of  /'will  vitiate  the 
test,  and  it  must  also  be  borne  in  mind  that  accurate  measure- 
ments can  be  obtained  only  when  account  is  taken  of  elastic 
changes  due  to  height  of  column  jW  (change  of  pressure  in  ex- 
ternal vessel)  or  when  they  are  eliminated  altogether.  This  is 
done  most  readily  by  allowing  the  larger  mass  of  displaced 
water  to  flow  into  an  enlargement  of  M,  and  then  merely  not 
ing  the  differences,  as  between  pressure  o  or  maximum  at  the 
small  tube  M,  These  parts  of  the  tube  may  then  be  placed 
horizontally,  thus  avoiding  material  differences  of  pressure  in 
the  external  chamber  entirely. 

As  tests  of  flasks  are  usually  made  in  great  number,  it  is 
advisable  to  arrange  the  apparatus  conveniently  for  quick  work 
and  for  flasks  of  all  sizes.  I  have  designed  such  a  device  for  the 
Charlottenburg  Laboratory.  The  cover  of  this  de- 
vice,  which  is  the  most  essential  part,  is  shown  in  Fig.  294.  It  is 
arranged  in  such  manner  that  it  can  be  screwed  to  the  flask  at  the 
same  time  with  the  pressure-pipe  connection.  The  connection 
carries  a  loose  collar  on  the  coarser  thread,  which  may  be  forced 
against  the  cover  by  means  of  a  nut  and  pins  (handles).  This 
forces  the  flask  firmly  against  the  rubber  packing-ring  let  into 
the  cover.  The  whole  can  then  be  set  into  the  outer  vessel  by 
means  of  two  handles,  the  rising  water-level  displacing  all  air, 
until  the  cover  finally  rests  upon  the  rubber  ring  in  the  upper 
edge  of  the  outer  vessel,  sealing  the  latter  satisfactorily.  The 
cover  merely  rests  on  the  outer  vessel  by  its  own  weight,  thus 
acting  as  a  safety-valve  in  case  of  rupture.  The  whole  ap- 
paratus is  let  into  a  pit,  thus  avoiding  accidents  as  nearly  as 
possible.  The  small  disk  carried  by  the  locking-bolt  serves 
only  to  hold  the  loose  collar. 


HI.  Standard  of  Quality  for  Tech'- 
nological  Value  of  Materials  of 
Construction. 

a.  In  General. 

424.  The  full  technological  value  of  a  material  can  only 
be  known  after  it  has  been  in  service  in  a  manner  so  as  to 
develop  all  of  its  valuable  properties.  The  latter  rarely 
happens.  As  a  rule  material  is  generally  used  in  such  manner 
as  to  develop  only  some  of  its  properties;  oc- 
casionally the  material  is  to  develop  but  a  single  property. 
The  Stan  dard  of  val  u  e  to  be  applied  to  any  material  as 
to  its  quality  and  utility  may  therefore  be  a  totally  dif- 
ferent one,  under  the  conditions  just  stated,  than  if  it  were 
desired  to  express  the  sum  of  all  of  its  properties.  This  can- 
not be  done  accurately,  because  a  valuation  in  a  complete 
manner  is  absolutely  impossible.  An  approximate  evaluation 
of  the  quality  of  the  material  may  therefore  be  obtained  from 
partial  tests  based  on  the  requirements  which  it  must  fulfil  in  a 
special  case,  or  generally  comply  with  in  comriion  service. 

As  a  matter  of  course,  it  is  not  possible  either  for  the 
engineer  or  the  merchant  to  wait  until  actual  use  has  demon- 
strated the  suitability  of  the  material.  It  is  therefore  necessary 
to  derive  the  strength  of  a  detail  of  construction  from  prelimi- 
nary tests  and  measurements  which  have  been  fully  discussed 
in  the  chapters  on  testing.  This  has  always  been  the  practical 
method,  by  comparing  the  results  of  tests  with  those  of  actual 
experience,  thus  obtaining  a  mass  of  experimental  data,  which 
is  the  subject  of  study  in  testing  materials. 

336 
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The  foregoing  will  demonstrate  that  it  is  impossible,  at  this 
time,  to  discuss  the  different  points  of  view  for  judging  the 
value  of  materials  exhaustively. 

At  this  place,  as  was  the  case  in  the  discussion  of  testing 
materials,  it  is  only  possible  to  consider  the  gen- 
eral points  of  view  applicable  to  the  majority 
of  materials;  special  methods  of  test,  as  well  as  evalua- 
tion of  definite  materials,  can  only  be  taken  up  when  discussing 
the  properties  of  such  materials. 

b«  Deyelopment  of  Standard  of  Yalue. 

425.  In  materials  of  construction,  especially  metals,  the 
resisting  properties  are  most  commonly  considered  as 
a  standard  of  value.  The  methods  of  doing  it  are  maili- 
fold.  The  figures  obtained  from  tension -tests  are  those 
most  frequently  used  as  standards  of  utility  of  many  materials. 
Heretofore  the  maximum  stress  S^f  (tenacity)  has  been 
used  with  elongation  ^.  Reduction  of  area, 
contraction  cfC,  was  also  largely  used  in  Germany,  although 
with  opposition  of  the  manufacturers.  This  standard  has  lat- 
terly again  gone  more  into  disuse  in  Germany,  while  elsewhere 
it  still  seems  to  be  adhered  to. 

Consider  e,  in  France,  has  particularly  advocated  the  use  of 
contraction  c^.  He  considers  it  of  great  importance  (Z  705,  Chapt. 
II  and  III),  using  it  to  determine  c  (j6).  He  asserts  that  this  is  the 
standard  of  serviceability  in  constructions  (j6j,  L  20^)^  and  states 
particularly  that  c  at  section  of  maximum  bending-stress  should  be 
the  standard  of  value  of  material,  because  c  is  fully  developed.  (This 
can  of  course  only  be  the  case  (382)  in  materials  for  which  c  <  100.) 
Consid^re  attempts  to  emphasize  and  elucidate  the  value  of  his 
view  by  a  comparison  of  Sr  of  tension-test  referred  to  area  of  frac- 
ture, and  the  stress  of  extreme  fibre  -h  S'  in  bending-tests. 

Because  he  considers  the  total  elongation  of  test-piece  to  be  coni- 
posed  of  the  proportional  elongation  ^,  of  the  whole  bar 
and  of  the  local  elongation  near  fracture  e^  (/^),  he  pro- 
poses to  make  a  comparison  of  the  two,  and  use  it  as  a  standard  of 

value  to  establish  the  ratio  — .    Similar  propositions  were  previously 
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made  at  different  places,  and  there  would  be  much  in  favor  of  it  if 
it  were  not  more  difficult  to  determine  ^«  than  desirable  for  practical 
tests  of  material. 

Besides  what  has  been  said  in  (140)  it  is  necessary  to  observe 
that  the  so-called  proportional  elongation  can  be  determined  only  on 

very  long  bars  (— ^  >  11.3),  in  which  the  effect  of  head  may 

be  considered  minute.     In  such  bars  it  would  be  possible  to  determine 

the  ratio  —  after  rupture  with  comparative  ease  by  determining  the 

areas  of  fractured  section  and  that  of  a  part  of  the  bar  at  some  dis- 
tance from  the  fracture.  In  short  bars  it  would  be  necessary  to 
determine  an  approximate  value  of  e^  during  test  by  using  e^  at 
maximum  stress  Sm^  i-e.  est^  or  by  determining  the  mean  section  of 
bar  at  maximum  stress  by  actual  measurement.  The  value  of  e^ 
might  be  determined  with  some  accuracy  from  an  autographic 
diagram. 

In  every  case,  however,  the  value  —  would  be  subject  to  uncer- 

tainties ;  it  would  depend  especially  upon  measurements  of  test-bars, 
as  is  the  case  with  c^t. 


426.    The    three  values    S^^    e^  and    c^    will  no   doubt 

remain  standards  of  quality  for  a  long  time  henceforward,  be- 
cause they  can  be  determined  most  readily  and  reliably. 

Although,  as  was  emphasized  in  the  discussion  of  B  a  u  * 
s  c  h  i  n  g  e  r  *  s  tests  of  changes  of  elastic  limit,  and  of  the 
Woehler  repetitive  tests  (Chap.  IT,/),  the  determina- 
tion of  S p  would  be  of  incomparably  greater 
value  to  the  constructor  than  that  oi  S m y  ^^ 
need  not  be  expected  that  it  will  be  intro- 
duced in  practice,  because  difficulties  inherent  in 
testing  are  too  great  to  be  overcome.  It  would  be  much 
easier  to  consider  the  value  of  Sy ,  because  machines  com- 
monly used  are  constantly  being  perfected,  so  that  this  point 
may  be  determined  with  some  certainty.  It  may  be  noted 
that  at  present  much  greater  value  is  placed  on  the  determina- 
tion of  the  yield-point,  and  we  have  seen,  that  its  actual  loca- 
tion, as  well  as  its  relation  to  Sm9  &re  suitable  to  define  properties 
and  conditions  of  material     This   point  will  appear  in 
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a    m  o  re  s  t  r  ik  i  n  g    manner  in   the   special   dis- 
cussion  of  properties  of  materials  (Z  no). 

The  location  of  the  /'-limit  is,  however,  already 
introduced  emphatically  by  some  authorities  in  gun  and  rifle  manu- 
facture as  the  standard  of  quality  for  the  material  to  be  used,  be- 
cause the  constructor  in  this  branch  of  technology  must  make  the 
highest  demands  in  regard  to  material,  as  the  powder,  recently 
highly  perfected,  generates  exceedingly  high  pressures  in  guns, 
although  their  lightness  and  their  movability  must  remain  very 
great.  But  still  the  difficulty  of  determining  S^  must  there  be  well 
known. 


e.  Specifications. 

427*  Wherever  large  quantities  of  materials  of  construc- 
tion are  used,  it  is  customary  for  the  pur- 
chaser to  very  c  a  re  f  u  lly  s  p  e  c  i  f  y  the  qualities 
of  the  material  to  the  producer.  It  is  customary 
to  state  in  the  contracts  at  least  the  tenacity  Sm  and 
elongation  ei>  which  the  material  is  to  show,  and  sometimes 
the  contraction  c^  or  the  P-limit  and  F-point  as  well.  The 
lower  limits  of  values  alone  are  generally  stated.  But 
it  also  happens  that  maximum  limits  are  also  stated.  This 
is  the  case  in  low  steel  for  structures,  in  which  it  is  customary 
to  exclude  the  very  soft  as  well  as  the  very  hard  kinds  below 
51,200  and  above  .64,000  lbs.  per  sq.  in.,  because  the  former 
cause  permanent  set  in  certain  members  too  readily,  and  be- 
cause the  hard  metal  may  be  dangerous  on  account  of  its  fre- 
quent brittleness.  Experience  with  low  steels  has  taught  us 
that  this  danger  increases  with  decrease  of  elongation  and  high 
strength.  But  it  is  not  possible  in  steel-works  to  produce  at 
a  commercial  price  steel  of  any  desired  properties,  and  hence 
it  is  necessary  to  insert  limiting  values  in 
specific  at  ions  with  greatest  care  and  con- 
scientiousness. This  is  a  difficult  matter  of  exceed, 
ingly  great  import.  For  if  the  values  be  stated  so  as  to  make 
the  material  obtainable,  but  only  with  unusual  difficulty,  the 
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user  will  have  to  reimburse  the  producer  for  his  extra  trouble, 
labor,  and  expenses.  If  the  values  are  technologically  in- 
appropriate, the  structure  will  suffer  in  safety  and  durability. 
The  economic  development  of  the  capa- 
bilities dormant  in  crude  materials  is  in- 
complete if  the  material  produced  does 
not  possess  all  of  the  good  qualities  which 
a  process  when  commercially  correctly  man- 
aged can  develop  in  or  add  to  it. 

The  first  two  points  of  view  are  hardly  ever  overlooked,  for 
their  omission  invariably  acts  directly  on  the  pocket.  The 
third  is,  however,  a  matter  for  the  economist,  who  should 
assist,  as  far  as  lies  in  his  power,  to  perfect  the  productivity 
of  raw  materials  by  development  and  improvement  of  in- 
dustry. 

Specification  requirements  slightly  above  the  average  of 
quality  of  materials  in  common  use  are  apt,  as  a  rule,  to  act 
beneficially  on  the  perfection  of  technological  processes,  and 
on  the  improvement  of  national  capability.  But  great  care 
must  be  exercised  not  to  use  these  particular 
values  as  the  lower  limits  in  specifications,  be- 
cause this  easily  produces  totally  unnecessary  difficulties  of 
production.  The  producer  in  this  case  must  furnish  a  better 
material  than  contemplated  by  the  lower  specification  limits, 
if  he  does  not  wish  to  bear  losses  due  to  rejection  of  material 
by  the  purchaser,  and  the  quality  must  be  better  by  the  possi- 
ble variation  ordinarily  found  in  all  materials  when  taking  ail 
possible  precautions.  The  average  quality  of  materials 
will  therefore  always  be  a  little  above  that  called 
for  by  the  specifications.  In  this  it  is  of  course  presupposed 
that  ample  and  conscientious  care  be  had  to  meet  specifica- 
tions. 

If  the  lower  limits  are  made  unnecessarily  high  and  above 
the  commonly  readily  obtainable  average  of  quality,  as  can  be 
done  by  a  purchaser,  who,  like  the  State,  because  of  the  mag- 
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nitude  of  requirements  and  for  other  reasons,  occupies  a 
powerful  position  toward  industries,  their  welfare  may  suffer 
by  these  unnecessary  requirements. 

The  points  of  view  here  developed  for  enunciation  of  stand- 
ards of  value  are  of  a  general  character.  The  presentation  of 
particular  values  for  each  material  must,  however,  be  de- 
ferred to  the  discussion  of  properties  of  materials.  Technolog- 
ical improvement  and  economic  conditions  have  great  effect  on 
these  values  by  themselves,  and  hence  they  are  subject  to 
frequent  variations. 

d.  Standards  of  Quality. 

428.  If  any  material  is  to  be  identified  in  a  most  compre- 
hensive manner  by  the  results  of  the  tests  mentioned,  the 
values  given  in  Table  29  must  be  determined. 

A  complete  knowledge  of  properties  of  a  material 
of  construction  requires  a  knowledge  of  modifications  of  these 
properties  under  the  effect  of  very  low  and 
very  high  temperatures,  but  it  has  thus  far  been  avoided 
to  make  this  matter  a  subject  in  specifications,  and  it  need  not 
be  expected  that  this  will  be  done  in  calculable  time.  I  have 
therefore  neglected  these  points  in  the  preparation  of  Table 
29. 

This  table  and  the  foregoing  discussions  will  show,  that 
maximum  stress  and  elongation  are  the  twoprin- 
cipal  standards  of  quality  for  our  materials  of 
construction. 

e.  Factors  of  Quality. 

429.  Stress  can  be  determined  with  certainty  only  in  such 
materials  in  which  it  is  possible  to  measure  the  original  sectional 
area  accurately.     In   case  of  ropes,  cloth,  paper,  leather,  and 

many  other  materials,  in  which  density  ^/=  -^^ — p—  (21)  is  less 

op*  vJTy. 
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than  I,  or  in  which  the  section  is  irregular,  or  in  which  consec- 
utive sections  vary  considerably  from  an  average,  it  is  very 
difficult  to  determine  the  value  of  that  section  which  is  actually 
subjected  to  stress.  A  body  which  is  nearly  uniform,  although 
not  homogeneous  in  structure,  like  a  strip  of  a  textile  fabric, 
may  be  conceived  of  such  length  as  to  cause  rupture  by  its  own 
weight,  or  any  desired  stress,  when  supported  at  one  end. 
The  length  of  the  body  which  would  produce  rupture  is  called 
its  rupture-length,  and  is  designated  by  Ir  in  Table  29. 
This  length  is  found  from  Z^/ ,  the  load  at  rupture,  and  the 
weight  of  unit  of  length  W^ ;  hence  it  is : 

/jj  =  —  in  meters,  or 37 


/jf  =  --■  ^ —  in  km 37^3: 


This  expression  obviates  the  determination  of  the  section, 
being  replaced  by  weight,  which  is  almost  always  determinable. 
It  will  be  seen  that  Ir  is  a  constant  for  each  ma- 
terial; it  is  independent  of  section,  and,  large  or  small,  the 
rupture-length  will  remain  the  same.  The  assumption  that  the 
result  of  test  must  be  independent  of  shape  of  section  is  taken 
as  self-evident. 

It  is  easy  to  deduce  stress  from  rupture-length,  if 
the  Sp.  Gr.  of  the  material  be  known.     If  this  =  Sp.  Gr.,  one 

ccm  of  the  material  will  weigh  — '- -'kg,  or  one  meter  =  100 

1000     ** 

cm  of  section  a : 

TTr  Sp.  Gr.  o      ^     I    1 

W  ^  a  .  100 .    ^^ =  a .  Sp.  Gr. — ,  hence 

1000  ^         10 

W.\o 
a  =  -^ — -pr-  ;  and  as 
Sp.  Gr. 
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Zje  =  -^   and  =  5-»  then 
W  a 

__   Z     Sp.  Gr.  Sp.  Gr.  .* 

W        \o  \o  ^ 

The  great  value  of  Zjj  for  our  purposes  will  be  seen  from  the 
following  : 

It  is  common  custom  among  manufacturers  to  weight  materi- 
als, i.e.,  to  increase  their  weight  by  the  addition  of  cheaper 
materials.  Every  trade  has  whole  series  of  refined  terms  for  this 
process,  and  becomes  very  touchy  when  such  are  not  employed,  but 
replaced  by  plain  every-day  expressions  which  every  one  under- 
stands. I  will  be  understood  when  I  explain  that  paper,  for  in- 
stance, used  for  wrapping  butter  which  the  housewife  buys 
contains  45  to  50^^  ash,  because  of  the  extra  addition  of  white  clay, 
instead  of  a  maximum  of  2,^.  The  difference  is  due  to  dressing. 
When  buying  4  oz.  of  butter,  it  is  frequently  the  case  that  12 
to  \%it  of  paper  is  paid  for  at  the  price  of  butter.  The  paper  for 
wrapping  loaf  sugar  frequently  contained  6oJ<  ash  while  sugar  was 
dear,  and  even  the  twine  for  tying  the  loaf  was  loaded.  Leather, 
rubber,  silk,  wool,  and  innumerable  other  goods  often  contain 
large  masses  of  weighting  materials  (dressing)  which  are  usually  very 
much  cheaper  than  the  goods  which  have  been  loaded. 

430.  Weighting  is  always  resorted  to  for  the  purpose  of 
increasing  the  weight  beyond  its  normal  standard.  If  it  be 
assumed  that  such  weighting  material  does  not  otherwise  affect 
the  strength  of  material,  such  as  rope,  leather,  rubber,  cloth, 
or  paper  strips  (as  a  rule  it  is  also  reduced),  it  becomes  clear 
that  the  rupture-length  is  decreased  by  this 
weighting  because  of  the  increased  weight  of  the  unit  of 
length.  It  will  be  seen  that  the  rupture-length  is  a 
very  good  means  for  defining  the  true  value 
of  certain  materials. 

431.  Just  as  rupture-length  takes  cognizance  of 
two  properties  of  materials,  viz.,  resistance  and 
unit  of  weight,  it  has  been  attempted  to  establish  values 
based  on  the  principal  results  of  tests,  which,  combining  the 

*  .S*,  as  will  be  seen,  relates  to  the  solid  section  (voidless).  If  S 
for  section  of  material,  say  a  rope,  is  desired,  then  Wv^  weight  of  unit 
volume,  is  to  be  substituted  for  Sp.  Gr. 
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Various  properties  to  a  certain  degree,  furnish  standards  of 
utility  of  the  material,  and  are  called  quality  factors, 
orfactorsofutility. 

The  quality  factors  most  generally  used  are  those  named 
after  W  o  e  h  1  e  r  and  Tetmajer,  although  their  origin 
antedates  these  investigators.  Woehler's  factor  is 
formed  by  the  addition  of  tenacity  Sji^and  the 
reduction  of  area  c^  (in  metric  values) ;  if  S^  = 
44  kg  sq.  mm  (62  500)  and  c^  =  30^, 

ffi  =  44  +  30  =  74, 

/       Sm  62  500  \ 

V^  Tooo  +  30  =  -^   +  30  =  92.5»  English  measure.j 

Tetmajer's  value  is  obtained  by  the  product  of 
tenacity  and  elongation,  or  the  work  done  up  to 
rupture.     If  in  this  case  Sj^^  =  44  kg  sq.  mm  and  e^  =  2I5<, 

SC  =  44  X  21  =  924, 

f       ^Af  62  500  x^      ,.  ,  \ 

lor X  21  =  X  21  =  1312.5,  English  measure.) 

\      1000  1000  J      :?»        &  / 

Both  values  were  frequently  used  in  specifications  a  short 
time  ago. 

f.  Importance  of  Quality  Factors. 

432.  As  previously  stated,  it  is  customary  to  insert  mini- 
mum limits  for  values  of  5j)/,  e^  and  c^  in  specifications  for 
materials  of  construction.  Representing  this  by  diagram  Fig. 
295,  all  possible  values  of  Sm,  ^t  ^  for  the  material  in  ques- 
tion, for  instance  low  steel  (Flusseisen),  must  lie  within  the 
quadrants  drawn. 

By  introducing  the  lower  limits  by  5j|^^,  e^^  and  cfii  in 
specifications  it  is  customary  to  exclude  those  quali- 
ties which  are  unsatisfactory  for  structures, 
namely   the   weak   and   the   brittle   kinds. 
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433.  If  Woehler's  value  be  stipulated  instead  of 
these  limiting  values,  the  heavy  broken  line  9B 
would  be  the  limit  of  rejection.  If  this 
value  SB  alone  were  prescribed,  material 
having  very  high  tenacity  and  very  small 
contraction,  or  very  low  tenacity  and  very 
high  contraction,  might  also  be  furnished 
under  the  specifications,  which  is  material  certainly  quite 
unsuitable  for  purposes  of  construction. 

Woehler's  factor  in  itself  is  therefore  not  a 
standard  of  quality,  for  it  includes  entirely  unsuitable 
as  well  as  suitable  material.  Poor  materials  can  be  excluded 
only  by  use  of  minimum  limits  of  S^  and  c^ 
additional  to  Woehler's  factor.  The  sole  ad- 
van  t  a  g  e  derived  from  the  addition  of  Woehler's  factor 
is,  as  shown  by  Fig.  295,  the  exclusion  of  material  otherwise 
accepted  if  the  sum  of  S^  +  ^^  be  made  greater  than  would 
be  found  from  the  lower  limits,  or 

SB  >  5^,^  +  c^,. 

434.  If  Tetmajer's  factor  be  used  instead  of  the 
limits  above  discussed,  line  X,  Fig.  295,  materials  of  low 
tenacity  and  small  extensibility  are  ex- 
cluded, but  it  must  also  be  explained  that  this  factor 
measures  materials  which  are  certainly  not 
of  the  same  value  by  the  same  standard,  for 
the  same  factor  may  be  obtained  by  high  tenacity  and  low 
elongation,  or  by  low  tenacity  and  high  elongation.  Tet- 
majer's  factor  has,  however,  a  certain  advantage  over  that 
of  Woehler's,  although  the  circumstance  that  material  of 
very  great  differences  in  resistance  and  elongation  is  not  pro- 
duced is  equally  advantageous  to  both  factors.  But  even 
when  using  Tetmajer's  factor  it  becomes  necessary  to 
state  minimum  limiting  values  S^g  and  ^^ 
if   reliably   suitable   material   is  desired,   and 
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hence  the  factor  2^  is  also  rational  only  when  St  >  5^^  X  ^^^  is 
used.  In  this  manner  the  slice  at  the  lower  part  of  the  dia- 
gram will  be  cut  off. 

435.  In  order  to  give  these  factors  a  different  character, 
that  of  an  equable  average,  specifications  have  been 
changed  artificially,  finally  giving  one  or  the  other  of  these 
factors  a  certain  limited  lower  variation  be- 
yond the  limits  S^f^ ,  e^i  and  cfti ,  provided  that  either  SB  or  2 
be  met,  that  is,  provided  the  relative  sum  or 
factor  was  correspondingly  greater.  The  ad- 
vantage thus  apparently  favoring  steel-works  will  appear  very 
materially  limited  if  it  is  considered  that  it  must  be  balanced 
against  the  slice  which  is  cut  off,  and  that  the  area  gained 
(that  indicated  by  the  hatched  slices  between  lines  S^^  and 
^^Mi ,  ^^i  and  c^i ,  or  efCi ,  e'^i,  (Fig.  295)  is  very  limited  ;  for  the 
steel  industry  should  naturally  attempt  to  introduce  uniformity 
based  on  conditions  which  are  commercially  advantageous. 

If  it  is  convenient  for  any  works,  because  of  the  raw  mate- 
rial and  methods  available,  to  produce  a  material,  the  tenacity 
and  elongation  of  which  would  be  plotted  at  My  Fig.  296,  it 
becomes  clear  that  the  bulk  of  its  product  will  show  similar 
properties.  If,  therefore,  tests  were  to  be  made  of  each  melt 
and  results  plotted  in  a  diagram,  it  would  be  found  that  values 
Sm  and  e^  would  be  grouped  mainly  about  point  M,  If  these 
points  w«re  considered  material  and  superposed,  a  mound 
would  be  produced  the  apex  of  which  would  lie  at  J/,  its  ordi- 
nates  of  altitude  being  a  scale  of  frequency,  with  which  a  ma- 
terial of  definite  S/i^  and  e^  would  be  accidentally  produced, 
when  an  effort  is  made  at  a  given  works  to  produce  steel  of  the 
qualities  represented  by  M,  The  slopes  of  this  mound  would 
at  first  drop  very  rapidly  toward  S^r  =  o  and  ^  =  o,  and  then 
very  gradually.  This  may  be  represented  by  drawing  contour- 
lines  around  the  mound  through  points  of  equal  frequency. 
The  quantity  of  material  falling  within  the  slices  5^^^  5'jvf/  and 
e^i  e'fCij  and  cfii  c^^i,  Fig.  295,  would  indeed  be  very  small  and 
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would  have  to  be  counterbalanced  by  the  mass  of  material 
about  the  apex  between  S^^  and  e^i  or  cf^i,  if  the  steel-works 
are  to  gain  the  benefit  of  an  equable  average.     (Z  114.) 

Because  of  the  reasons  stated  I  cannot  become  very  enthu- 
siastic about  either  of  the  quality  factors  thus  far  introduced. 
To  this  must  be  added  the  fact  that  the  quality  factor  alone 
cannot  be  deduced  directly  by  test;  the  separate  factors  must 
moreover  be  determined,  and  in  order  to  be  able  to  form  a  concep- 
tion of  the  quality  factor,  at  least  one  of  its  fisu^tors  must  be  known. 
Therefore,  why  not  state  both  factors  at  once  ?  And  when 
knowing  these,  of  what  use  is  the  quality  factor  ? 

The  justified  average  is  in  my  idea  only  imaginary.  Ulti- 
mately it  is  always  a  question  of  a  definitely  fixed  limit.  I  f 
this  limit  was  correctly  selected  in  view  of 
the  safety  of  a  structure  and  economical  pro- 
duction of  the  material,  its  adoption  is  per- 
fectly  justified.  Manufacturers  are  always  prone  to  the 
accusation  that  it  is  hard  and  unjust  to  demand  complete  ful- 
filment of  specification  requirements.  For  a  slight  drop  of 
one  value,  say  of  S^f  would  be  counterbalanced  by  an  augmen- 
tation of  the  other,  say  ^.  It  is  customary  to  assert  that  limits 
of  errors  of  methods  of  testing  do  not  justify  such  a  strict  pro- 
cedure. From  an  impartial  standpoint  it  must  be  admitted 
that  the  first  objection  would  be  valid  if  the  technical  correct- 
ness can  be  demonstrated.  In  that  case  the  limits 
selected  would,  however,  have  been  unsuit- 
able. If  there  can  be  no  valid  objection  against  these,  it  is 
not  unjust  to  adhere  to  them  rigidly,  because  the  second  ob- 
jection is  unjustified,  for,  according  to  the  theory  of 
probabilities,  the  errors  of  observation  are 
just  as  often  positive  as  negative,  and  results  of 
limiting  cases  are  as  likely  to  be  in  favor  as  against  the  interest 
of  the  manufacturer.  This  is  of  course  only  true 
when  the  method  of  test  employed  is  not  subject  to  large  erorrs  of 
method,when  it  is  in  itself  inadmissible. 


IV. 
Machines  for  Testing  Materials, 


INTRODUCTION. 

436.  The  character  of  testing-machines  has  been  briefly 
sketched  in  Chapter  II,  and  the  requirements  which  they  must 
fulfil  have  appeared  in  general  in  the  previous  chapters ;  many 
peculiarities  have  already  been  touched  upon.  Here,  where  a 
more  detailed  presentation  of  the  most  usual  designs  will  be 
given,  it  does  not  answer  to  merely  give  a  general  review  of 
existing  machines,  but  those  principles  are  to  be  developed 
which  must  be  considered  during  their  construction,  calibra- 
tion and  application. 

But  as  a  testing-machine  is  usually  a  very  complicated 
tool,  which  may  be  arranged  for  making  various  kinds  of  tests, 
a  classification  according  to  definite  ideas  is  very  difficult  and 
justice  can  hardly  be  done  in  all  directions.  I  must  therefore, 
in  making  an  attempt  to  solve  this  problem,  ask  the  indul- 
gence of  my  readers.  I  am  of  the  opinion  that  descriptions  of 
testing-machines  in  a  handbook  on  testing  materials  must  be 
of  practical  value.  For  practical  use,  therefore,  the  book  is 
to  give  information  for  the  selection  of  machines  for  all 
requirements;  it  must  indicate  which  machines  are  in  the 
market  readily  obtainable,  and  which  are  examples  of  exhibi- 
tion-machines, intended  for  specific  purposes,  in  small  number. 
I  have  therefore  classified   machines  now  in  the  market  on 

Plates  3  to  20,  arranged  as  nearly  as  practicable  according  to 
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the  builders,  with  statement  of  proportions  to  which  they  are 
built,  in  various  forms.  I  have  drawn  largely  upon  price-lists, 
when  the  illustrations  appeared  sufficient  for  the  above  purpose. 
The  addition  of  constructive  sketches  and  of  schematic  dia- 
grams of  each  type,  given  separately  and  on  the  plates,  will 
facilitate  elucidation  and  description. 

I  shall,  as  much  as  possible,  describe  the  machines  in 
groups,  in  order  that  similar  designs  may  be  found  together* 
Therefore  it  is  not  always  possible  to  give  a  description,  com- 
plete in  itself,  of  an  entire  machine,  because  this  would  be  too 
extensive  as  well  as  tiresome.  At  the  end  I  shall  give  a  group- 
ing according  to  makers,  in  which  the  missing  descriptions  will 
be  found,  with  references  to  sections  containing  detailed  de- 
scriptions. For  those  readers  who  wish  to  study  individual  ma- 
chines in  minute  detail  I  shall  add  the  bibliography  known  to 
me. 

I  shall  attempt  to  exercise  a  free  but  benevolent  crit- 
icism in  every  particular.  I  hope  that  this  criticism  will  be  of 
value  to  the  user  as  well  as  to  the  builder  of  machines.  At 
the  same  time  I  am  cognizant  of  the  fact  that  every  criticism 
is  more  or  less  one-sided,  and  that  everybody  occupied  exclu- 
sively with  a  practical  technical  subject  unwittingly  appro- 
priates biassed  opinions.  I  must  therefore  be  content  if 
not  every  one  will  consider  my  remarks  as  absolutely  appro- 
priate; but  my  attempt  shall  be  purely  objective.  For  this 
reason  I  would  accept  every  criticism  and  all  advice  with  pleas- 
ure and  if  possible  make  use  of  them  in  future  editions. 

I  hope  that  my  experience  will  enable  me  to  give  encour- 
agement toward  perfection  and  progress,  and  shall  therefore 
occasionally  look  beyond  the  things  existing. 

A.  Machine  Types. 

437.  For  the  grouping  and  description  of  ma- 
chines I  desire  to  give,  in  connection  with  the  classification 
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previously  given  {L  ii3)y  a  schematic  review.  In  this 
it  is  not  possible  to  utilize  all  details  of  machines;  I  shall  rather 
confine  myself,  as  a  rule,  to  the  arrangements  for  tension-tests 
as  a  basis,  because  these  after  all  are  most  generally  used,  and 
therefore  the  most  important ;  it  is  also  most  frequently  deter- 
minative for  the  constructive  development  of  the  machine. 

438.  In  every  machine  the  following  essential  parts 
(Chapter  II)  may  be  identified : 

the  loading  mechanism, 

the   weighing   mechanism,  load    indicator,  and 

the  frame. 

To  this  must  be  added  the  apparatus  for  measuring 
deformations  produced.  But  this  part  is  not  necessarily 
integral  with  the  machine,  does  not  affect  its  character  and 
can  be  considered  separately. 

439.  The  character  of  a  t  e  s  t  i  n  g-m  ac  h  i  ne  ap- 
pears to  me  to  depend  primarily  upon  the  relative 
arrangement  of  its  three  essential  parts. 
Secondarily  the  general  arrangement,  whether  horizontal  or 
vertical,  is  important,  and  finally  the  peculiarities  of 
construction,  of  loading  mechanism,  of  load-indicator  and  of 
jaws,  holders  or  grips,  must  be  considered.  I  have  therefore 
used  the  arrangement  of  loading  mechanism  and  load-indicator 
in  the  machine-frame  as  the  starting-point  for  my  classifi- 
cation. 

440.  The  type  of  load-indicator  often  causes  very 
essential  peculiarities  of  design,  which  are  mostly  very  appar- 
ent externally.  I  have  used  this  circumstance  as  the  basis  of 
my  first  grouping,  and  distinguish  between  machines  in  which 
loads  are  determined  by 

Scale   (lever-scale  with  weights  or  spring-balance)  and 

by 
Hydraulic     pressure     (gauge     or      hydrostatic 

balance). 
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441.  These  groups  are  again  subdivided,  without  regard 
to  horizontal  or  vertical  construction,  according  to 
the  method  of  arrangement  of  loading  mechanism 
and  load-indicator,  and  primarily  as  to  whether 

loading   mechanism    is   at  one  end  and  the 

load -indicator  at  the  other,  or 
both   are   at  the  same  end  of  the  machine. 

In  the  case  of  vertical  machines  it  is  important  to  note 
whether  one  or  the  other  of  these  devices  is  placed  on  the 
upper  or  lower  part  of  the  machine.  This  distinction  is 
dropped  in  case  of  horizontal  machines. 

442.  The  method  of  transmitting  loads  from  the 
loading  mechanism  to  the  test-piece  and  from  the  latter 
the  load-indicator  may  have  an  essential  influence  on 
the  design  of  the  machine,  and  may  produce  certain  advan- 
tages or  the  contrar>'.  Accordingly  I  also  distinguish  as  to 
whether  the  loading  device  or  the  load-indicator  are 

in  direct  or  indirect  connection 

with  the  test-piece,  i.e.,  whether  loads  are  transmitted  over 
the  shortest  path  or  whether  in  a  roundabout  manner,  by 
avoiding  important  structural  parts,  through  connecting-rods, 
cross-heads,  etc.,  etc. 

443.  I  shall  give  a  schematic  representation  of  the 
various  types  of  machines  growing  out  of  these  con- 
siderations, giving  the  names  of  builders  using  each  type.  The 
dates  of  first  construction  of  the  various  types  as  far  as  I  could 
determine  them  will  also  be  stated.  References  to  publica- 
tions whence  I  obtained  my  information  shall  also  be  given, 
and  the  numbers  of  the  paragraphs  in  which  the  various  types 
are  mentioned  or  discussed  are  also  added. 

444.  Before  proceeding  to  further  discussion  it  must  be 
here  stated  that  in  order  to  abbreviate  descriptions,  I  shall  indi- 
cate load-indicators,  regardless  of  detail  of  construction,  by  con- 
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ventional  representations  as  shown  in  Figs,  297  and  298.  Fig. 
297  indicates  that  the  machine  belongs  to  the  first  type,  in 
which  loads  are  measured  by  a  scale  ;  while  Fig.  298  indicates 
hydraulic  measurement  of  loads.  The  loading  device  regard- 
less of  detail  construction  shall  be  represented  by  Figs.  299  and 
300.  Fig.  300  indicates  that  the  machine  is  considered  as 
arranged  for  tension-test;  z  indicates  the  test-piece,  and 
m  the  jaws  or  grips.  Fig.  301  indicates  that  the  test-piece  is 
to  be  loaded  as  for  crushing.  When  the  test-piece  is 
attached  directly  to  loading  device  or  load-indicator, 
this  will  be  indicated  by  Fig.  302  ;  when  indirectly,  by 
Fig.  303.  Parts  of  the  frame  of  machine  which  are  considered 
as  rigid  will  be  shown  hatched  as  in  Fig.  304;  in  this  the 
peculiar  design  of  detail  is  disregarded.  These  conventional 
designations,  along  with  those  in  (dj)  for  the  several  forms  of 
load-indicators,  will  be  used  hereafter  even  when  discussing  the 
more  detailed  schematic  representations  of  special  types  of 
machines. 

445.   Hence  the  grouping  of  types  of  machines  may  be  as 
follows : 

Machines  of  the  First  Group :  Load-indication  by  scale. 

1st  Principal  Type:  Loading  and  indicating  device  at 
opposite  ends. 

Load  indication  direct. 

-       ,   ,     .        ,  \d)  direct.     Fig.  305. 

Load  device  above    '  ©  •/  ^ 


(  a)  dire 
1  b)  indi 


indirect,  Fig.  306. 

Load  device  below    ],,.,.    '     ^.  ' 

(  a)  indirect, Fig.  308. 

Load  indication  indirect. 

e)  Loading  device  above,  indirect,  Fig.  309. 
/)  Loading  device  below,  indirect.  Fig.  310. 

N.6. — In  horizontal  machines  a  and  e  and  6  and  </ coincide. 

Construction  (z/.= vertical;  A.  =  horizontal)  according  to  type: 
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A,  Wendler,  1887. 

A.  Werdcr  (50 /.)»  1852. 

3)  Piff.  306:  A.  Hoppe,  X894. 

O  Fig.  307:  V.  Carrington,  1878? 

V.  Chamond,  ? 


(I 
i« 
t. 

u 
«f 
t« 


583-586:493,  433«5>8. 

539«  543* 
565. 

59«-59*t  457»  493- 

537. 

479. 


it 
r< 
i« 
»t 
tt 
II 


8. 

XX. 

4' 
xo. 


A.  Delaloli, 


? 


ti 


•>    Jk  J  Greenwood)     ,«^, 
*'-**1andBalIcy  f»  ^^^ 

V.  Martens, 

V.  Michaelia, 

Michele, 

„  (    Mohr  &   » 
*'•  1  Federhaff  f  • 

^  J  Paris- Lyons  I 

r.  Pfaff, 
v.,  A.  Richie, 

A.  Rudeloff, 

V.  Schopper, 
v.,  A.  V.  Tarnogroki, 

V.  Trayvou, 

V.  Wicksteed, 


5x6. 
6x9-6aa. 


It 


>5. 
>7. 


Z  /«,  1883,  p.  8L 

L  — 

L  lor,  X83. 

r  K  t02.  183;  34, 
I  x888,  p.  5. 

Z,^,  X879,  Sept. 


188^  **    J  594*  530?  546;  56^  I      it    K     „     -,     /    //9.,,r'T«« 

*•  1  573.  508,  5*3,  563.  J         ^'  "•    ^'  ^  "^'  "5»  xoa- 


X878? 
X878? 

? 

? 

1887. 
1889. 
1884. 
X890. 

? 

? 

? 


it 
ti 


509. 
535- 


•t    i   574-5*«.  7a»  376»   I 
(  479.  49a.  493.  5«7.  \ 

476. 


ti 

«« 
It 
»i 
It 
it 
It 

li 


it 
t« 

it 

It 


485, 496.  " 

636-639,  460, 536-538.     " 

546. 

53«.  33«.  543- 
537.  53«. 


it 
It 
II 
•t 


611-618,  485,  5x9. 


di  Fig.  308:  A.  Adamson, 

A.  Kirkaldy, 
V.  Wiclnteed, 


X885. 

x86s. 
? 


11 


It 


6x9-633. 
61X-618,  485,  5x9. 


It 


II 


It 


it 


6,  7. 

«5. 

»3- 

'9- 

XX. 

»5. 

x6,  X7. 


L  tS3.  p.  "4- 
L  /^,  p.  13. 

r  K 12^  X884,  p.  X4L 
-^  1  27,  x883,  p.  54S 

L  loa^  183,  345. 

L  iQt  I,  No.  9. 
L  //,  x88x,  p.  X47. 

L  228, 
L  — 

L  ro2^  /^,  »j/. 
f^.  X884.P.  x8o; 

^  1  in    p.  97.  4S. 
V.X886,  II,p.  176. 


—         L 


\S2,  X885,  II,  p. 
-J  84,350.  ^,x887, 
( I,  p.  564. 


17. 


,   \  12I\  48,  X879, 

^  1  Sept.;  346. 


x6,  X7.     L  (above  under  c) 


2d    Principal  Type:    Loading  mechanism  and  load- 
indicator  at  the  same  end  of  the  machine. 

g)  Loading  and  indication  direct,  Fig.  311, 

ft)  Loading  indirect  and  indication  direct,  Fig.  312. 
/)  Loading  direct  and  indication  indirect.  Fig.  313. 
k)  Loading  indirect  and  indication  direct,  Fig.  314. 

These  types  are  exemplified  (horizontal  =  //.;  vertical  =  v,)  in 

?  Sect.  485,  611-618. 
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Machines  of  the  Second  Group:  Load-indication  by  gauge. 

A.    Pressure  is  measured  at  the  Hydraulic  Cylinder. 

3d  Principal  Type:  Load  mechanism  and  indicator 
at  same  end  of  machine. 

/)  Loading  direct,     Fig.  31 J 

m)  Loading  indirect,  Fig.  316. 

n)  Loading  indirect,  Fig.  317. 

These  types  are  exemplified  by  (A.  =  horiz.  and  v.  =  vert.) : 

O  F»R'  3»5*  *'  Kellogg  (Athens),  1887.  Sect.  473,  474.  Plate  —     L  4S,  1887,  I,  p.  413. 

Stummer,  ?  "      —  **     —     Z,  ^,  1883,  p.  198. 

m)  Fig.  3x6:  A.  Greenwood  &  Batley,  ?  **      6aa  **     17.    L  — 

«)  Fig.  317:  A.  ]  CurionMDesgoffea.  ^  ^  ..      ^^^  „     .5.^^/0. 

V.  Whit  worth  1850.       "      55a  »♦     —     /._ 

B.    Load-indicatlou  by  Separate  Chamber, 

4th  Principal  Type:  Loading  mechanism  at  one  end 
and  indicator  at  other. 

Pressure  chamber  actuated  negatively. 
Pressure  chamber  actuated  positively, 
a:)  L  o  a  d-i  ndication  direct.  (Pressure-chamber  actuated 

negatively). 

T      J.  u     •         K         i  ^)  direct,     Fig.  318. 

Loadmg  mechanism  above  •?..,.      ^  t-- 

**  (/)  indirect,  Fig.  319. 

Loading:  mechanism  below  \    {  .    ,.    '      -^. 

**  (  r)  indirect.  Fig.  321. 

b)  Load -indicat  ion      indirect.       (Pressure -  chamber 

actuated  positively.) 

_       ,.  ,      .         ,  ( ^,)  direct.      Fig.  322. 

Loading  mechanism  above  i     ,  .    ,.      ^   t-. 

(/,)  indirect,  Fig.  323. 

T       1.  I.     •       ui        (^,)  direct,      Fig.  324. 

Loadmg  mechanism  below  <     v  .    ,.  ^. 

(  rj  indirect,  Fig.  325. 

For  horizontal  machines  0  and  q  and  p  and  r,  as  well  as  0^ 
and  q^  and  p^  and  r, ,  are  identical. 
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Constructions  according  to  these  types  are : 

q  )  Fig.  3ao:  v.  \     MaA^DaSil      }  ^^T^'    S«t.  -  Plate  15.    L  ioz\  183:  .41- 

*i)  Fig.  3ai:  A.    Emery  ,876.    Sect.  |  Jj3-«35»  483.  ^      „    ^g     l  914.  2ig,  942, 


fi)  ^'^^'  334:  V.    Amsler-Laffon, 

1887. 

u        6oa-6o9,  453,         „ 

M77»550»56x  »               *' 

^J. 

A.     Maillard 

X878? 

"     556,557                      "     15. 

L  KOX  /<^;  90Q, 

V,    Martens 

1884. 

"  sameasr.Fig.  307.  **      5. 

L  fame  as  r. 

k.    Tbomaaet 

1878? 

"    555                           *•    15. 

L  t^\  249. 

(240;  47.i88i,p.4i; 
y-'.ja,  188a,  p.361; 
1  //,i88a,  Tol.  346, 

k,    Unwin  (Bailey) 

? 

•*    —                             "    — . 

I          p.  "7- 

Pressure-chamber  actuated  negatively. 

Pressure-chamber   actuated    positively. 

Load  indication  indirect. 

Driving  mechanism  above  s  and  s^  direct,  Figs  326  and  327. 
Driving  mechanism  below  /  and  /,  direct,  Figs  328  and  329. 
In  case  of  horizontal  machines  s  and  /  and  s^  and  /.  are 
identical. 

None  of  these  types  have  been  constructed. 

[Attention  is  called  to  Figs  323  and  326,  for,  while  the 
functions  of  parts  are  the  same,  the  loading  mechanism  in  Fig. 
323  acts  on  the  near  end  of  test-piece,  while  in  Fig.  326  it  acts 
on  the  far  end.  The  same  is  true  about  Figs  325  and  329. 
— G.  C.  Hg.] 

5th  Principal  Type:  Driving  mechanism  and  load* 
indicator  at  same  end  of  machine. 

Chamber  actuated  negatively. 

Chamber  actuated  positively. 

«)  Loading  mechanism  direct,      Fig.  330. 

z/)  Loading  mechanism  indirect.  Figs  331  and  332, 

Constructions  according  to  types  are  : 

9)  Fig.  33a:  V.  Amsler-Laffon,        T        Sect.  603-609,  453,  477,  550,  561.    Plate  14.    L3, 

446.  In  machines  of  the  4th  and  5th  principal  types  the 
pressure-chambers  may  be  actuated  negatively  (Figs  318-321, 
326,  327  and  330)  or  positively  (Figs  322-325,  328,  329,  331 
and    332).      In    the    first    case    increased    loading    produces 
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decreased  pressure  in  the  chamber,  in  the  latter  increased 
pressure.  In  the  former  in  types  o  to  r  the  pressure  is  applied 
directly  to  the  diaphragm  of  the  chamber,  i.e.,  to  the  movable 
part  of  the  chamber  ;  in  the  latter  case,  o^  to  r„  the  pressure  is 
applied  indirectly.  If  it  is  desirable  to  arrange  the  types  accord- 
ing to  the  practically  essential  distinction  of  negative  or  positive 
loading  of  the  pressure-chamber,  the  types  o^  to  v^  would  have 
to  be  added  to  the  4th  and  5th  principal  types. 

It  is  to  be  noted  that  types  o  and  g  (<?,  and  ^,)  and  /  and  r 
(/,  and  r,)  concide  when  machines  of  the  4th  principal  type 
are  constructed  horizontally. 

B.    Loading  Mechanism  and  Frame  of  Machine. 
a.  Hydraulic  Loading  Mechanism. 

447.  The  loading  mechanisms  and  frames  of  machines 
are  generally  composed  of  detail  rarely  differing  essentially 
from  ordinary  machine  construction.  It  is  therefore  unneces- 
sary to  go  into  detail.  I  shall  hence  confine  myself  to  general 
remarks. 

448.  Loads  are  either  applied  mechanically  or  by 
hydraulic  power.  The  latter  is  generally  .the  most  effi- 
cient and  convenient ;  it  is  much  in  use.  This  is  by  no  means 
intended  to  decry  the  forms  of  mechanical  loading  devices 
(compare  the  following  sections  and  4S0). 

449.  Power  is  generated  by  hand-pumps,  which  are 
generally  directly  connected  to  the  machine,  or  by  power- 
pumps;  the  latter  especially  in  case  of  large  machines  or 
when  several  are  to  be  driven.  In  large  industrial  establish- 
ments it  is  common  to  make  a  high-pressure  system,  really  used 
for  other  purposes,  available. 

450.  When  one  pump  drives  several  machines  in  use  simul- 
taneously, it  is  necessary  to  provide  an  accumulator  in 
the  system,  which  temporarily  absorbs  the  excess  duty  of  the 
pump,  to  be  utilized  when  several  machines  are  operated  at  the 
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same  time.  Capacity  of  pump,  of  piping  and  of  the 
accumulator  must  not  be  designed  too  spar- 
ingly, when  several  machines  are  to  be  operated  simultaneously 
or  where  increased  facilities  may  be  contemplated.  Water- 
pressure  may  at  this  date  be  easily  raised  to  500  at.  (7500  lbs. 
per  sq.  in.).  Most  machines  are  operated  at  pressures  much 
below  this,  and  Soto  150  at.  will  represent  the  average. 

It  is  of  some  importance  in  larger  laboratories,  in  which 
several  machines  are  to  be  used,  and  where  the  rooms  are  ex- 
posed to  frost  in  winter,  whether  water  or  glycerine  is  to 
be  used  in  the  system;  mixtures  of  water  and  alcohol 
have  also  been  recommended.  When  glycerine,  oil  or 
other  liquids  are  to  be  used,  return-pipes  must  always  be 
provided  ;  in  these  cases  it  should  never  be  neglected  to  provide 
filters  or  purifiers  in  the  outlet  system.  The  use  of . 
viscous  liquids  such  as  glycerine,  oil,  etc.,  requires  piping  of 
larger  dimensions  than  for  water,  to  avoid  frictional 
losses  or  slow  transmission  of  liquid;  valve  openings  and 
passages  must  also  be  ample.  If  proper  provision  is  not 
made  in  this  regard,  this  error  will  become  noticeable  by  heat- 
ing of  the  liquid  and  of  the  valve-chambers. 

When  urban  water-pressure  is  available  and  a  high-pressure 
service  planned  for  the  machine,  the  latter  can  be  operated  eco- 
nomically by  the  city  water-pressure  when  running  light.  The 
Charlottenburg  Laboratory  is  thus  equipped. 
Double  piping  and  special  valves  are  of  course  required,  but 
the  saving  of  high-pressure  water  is  material  and  the  adjoining 
machines  are  much  less  disturbed. 

451.  When  using  a  hand -pump,  its  operation  is 
directly  adjusted  to  the  requirements  of  the  test  in  hand« 
Hand-pumps  usually  have  a  large  plunger  for  large  delivery  and 
under  low  pressures,  and  a  small  plunger  for  small  delivery 
under  high  pressures.  When  using  power  pumps  regu- 
lating-valves controlling  the  speed  of  plunger  must  be 
provided. 
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1.    Pamps. 

452.  I  shall  here  mention  but  a  few  types  of  pumps  which 
deviate  more  or  less  from  usual  forms,  and  such  as  were  espe- 
cially designed  for  use  with  testing-machines. 

Simple  hand-pumps,  designed  for  the  W  e  r  d  e  r 
machine,  are  shown  on  PL  3,  Figs  I,  2  and  6,  detail  numbers 
30-37.  Lever  31  operates  the  large  and  lever  32  the  small 
pump. 

The  Ehrhardt  hand-pump,  PI.  9,  Figs.  28  and  29,  has 
telescopic  plungers,  which  can  be  so  connected  to  the  hand- 
lever  by  bayonet-lock  that  either  the  small  plunger  alone,  or 
both  plungers  together  are  effective. 

The  hand-pump  of  the  G  o  1 1  n  e  r  machine  is  peculiarly 
arranged,  PL  13,  Figs.  I--3,  16  and  17.  It  is  placed  at  the  head 
of  the  machine;  it  is  arranged  for  hydraulic  as  well  as  for 
screw  power. 

4:53.  The  Amsler-Laffon  hand -pump  used  on 
their  75,000-lb.  (35,000-kilo)  machine  is  shown  in  Figs.  1-6, 
PL  14,  and  in  detail  in  Fig.  333. 

The  plunger  42,  Fig.  333,  is  forced  by  the  crank  32  and 
the  gearing  38-41  into  the  cylinder  filled  with  castor  oiL  The 
advance  is  very  slow  with  large  ratio.  A  quick  jerky  reverse 
motion  of  the  crank  throws  a  peculiar  tripping-wedge  in  the 
keyway  into  gear,  thereby  coupling  a  pair  of  wheels  operating 
the  rapid-return  motion. 

454.  The  principle  employed  in  this  apparatus  has  been 
repeatedly  used  in  various  forms,  as  (1878)  with  the  Mail- 
lard  machine  (Z  2og,  p.  19,  PL  I,  Figs.  15  and  16),  in  the 
Desgoffes  design.  A  hollow  plunger  of  about  3.9  in. 
diam.  (10  cm)  and  24-in.  stroke  (60  cm)  is  driven  by  hand  or 
belt  power  and  a  screw  into  a  special  press-cylinder,  which 
then  operates  the  testing-machine. 

455.  A  peculiar  design  of  pump  (hydraulic  press)  is  found 
in  the  C  u  r  i  o  n  i  machine  {L  210,  p.  2,  PL  I,  Fig.  2).     It  is 
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built  according  to  the  designs  ofDesgoffes  and  O  1 1  i.  v  i  e  r , 
as  shown  in  Fig.  334.  The  plunger  is  advanced  by  the  dis- 
placement of  the  liquid  in  the  cylinder  2,  produced  by  winding 
a  flat  strap  6,  passing  through  a  stuffing-box  7,  on  a  drum  8. 
Reversing  the  motion  winds  the  strap  on  drum  5,  and  atmos- 
pheric pressure  returns  the  plunger.  9  and  10  are  gear-wheels 
driving  8.  The  vessel  13,  with  cocks  12  and  14,  serves  to  re- 
plenish the  cylinder.  Is  this  press  really  serviceable  ?  It  is 
rarely  used.  The  drawings  given  in  the  reference  are  crude 
and  incomplete;  judging  by  these,  the  Curioni  machine 
seems  to  possess  other  weaknesses. 

456.  Power  pumps  for  operating  testing-machines  are  made 
in  many  forms.  Most  of  them  are  three-plunger  pumps  with 
automatic  release,  which  comes  into  play  upon  reaching  a  cer- 
tain maximum  pressure,  and  the  use  of  power  ceases.  Some 
machines  have  arrangements  which  alter  the  delivery  of  the 
pump  with  the  requirement  of  water,  by  setting  one  or 
more  pumps  at  rest,  or  by  changing  the  length 
of  stroke  of  plunger.  When  an  accumulator  is  used 
in  the  system,  its  motion  is  used  for  governing  the  pump, 
either  by  shutting  it  off  just  before  the  accumulator  is  full  or 
by  regulating  the  delivery  as  described  above.  I  shall  describe 
only  a  few  of  those  most  commonly  used. 

457.  The  Charlottenburg  Laboratory  has 
one  power  pump  built  byC.Hoppeof  Berlin,  which, 
having  three  plungers,  can  be  operated  at  different  speeds  by 
two  belts.  It  feeds  the  hydraulic  pressure  system,  leading  to 
all  the  buildings  and  rooms  of  the  laboratory,  and  produces  a 
pressure  controlled  by  a  governing  plunger,  usually  of  200  at., 
but  which  can  be  raised  to  450  at.  (3000  to  6750  lbs.  per  sq. 
in.).  A  safety-valve  prevents  exceeding  this  maximum  pressure. 
The  pumps  are  stopped  by  the  governing  plunger,  by  moving 
a  lever  when  rising  when  the  desired  pressure  is  reached, 
which  supports  the  suction-valves  successively  and  in  such 
manner  that  they  cannot  close  again.     The  water  raised  re- 
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turns  by  the  ^ame  channel,  because  it  cannot  raise  the  pressure- 
valves,  which  are  held  down  by  the  pressure  in  the  pipes. 
The  working  pressure  can  be  changed  at  will  by  loading  the 
governing  plunger. 

4:58.  The  Charlottenburg  Laboratory  is 
provided  with  a  second  automatically  regulating  power  pump, 
built  by  Max  Hasse  &  Co.,  Berlin.  This  is  an  in- 
tensifier  driven  by  the  pressure  in  the  city  mains,  operating  a 
differential  pump,  producing  hydraulic  pressure  up  to  350  at. 
The  city  water  acts  on  the  large  plunger.  The  plunger-rod 
carries  a  cross-head,  which  operates  the  regulation  ;  its  pro- 
longation is  the  plunger  of  the  differential  pump.  When  the 
cross-head  has  reached  the  end  of  its  motion  it  trips  a  cock  of 
the  valve  mechanism.  This  admits  the  water  from  the  city 
main  to  the  cylinder-valve,  reversing  it  rapidly,  and  thus  re- 
versing the  motion  of  the  main  plunger.  It  reverses  the  large 
water  inlet  and  outlet  ports  very  rapidly,  and  the  reversal  of 
the  machine  is  instantaneous,  so  that  the  gauge-indicator  on 
the  pressure-pipes  drop  only  from  20  to  30  at.  (when  running 
rapidly).  A  noticeable  disturbance  of  conditions  of  pressure 
in  the  machines  is  precluded,  because  the  regulating-valves 
between  them  and  the  hydraulic  system  throttle  the  pressure 
considerably ;  the  impact  is,  however,  always  noticeable  in 
delicate  work.  The  operation  of  the  pump  is  strictly  propor- 
tionate to  the  consumption  of  water ;  when  this  ceases,  the 
pump  stops  likewise. 

The  pressure-pipes  are  always  under  the  maximum  pressure 
produced  by  that  in  the  city  mains,  in  proportion  to  the  piston 
ratio.  The  machine  on  the  whole  has  given  great  satisfaction 
in  the  Testing  Laboratory,  and  required  very  slight  repairs ; 
but  it  was  no  longer  sufficient  for  the  increased  requirements, 
and  was  therefore  replaced  by  the  H  o  p  p  e  power  pump 
above  described.  The  varying  pressure  in  the  city  mains 
especially  in  summer  is  a  disturbing  element  in  its  operation. 
If  steam  is  available  as  a  source  of  power,  the  Hasse  type  is 
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decidedly  more  perfect,  because  reversal  is  so  rapid  that  varia^ 
tions  of  pressure  are  in  no  case  noticeable,  and  pressure  always 
remains  constant ;  its  operation  is  very  simple  and  convenient. 

459.  VVm.  Sellers  &  Co.,  Philadelphia,  Pa.,  build  a 
very  compact,  well-designed  power  pump  shown  in  Fig.  335 
(Z  211).  The  triple  pump  is  operated  by  eccentrics  and  links 
which  can  be  raised  and  lowered  by  a  hand*wheel  while  run- 
ning. Thereby  the  stroke  of  the  plungers  driven  by  the  links 
and  hence  the  delivery,  have  a  very  wide  range  of  adjustability. 

460.  Riehl^  Bros.,  Philadelphia,  Pa.,  also  build  a 
very  compact  triplex  pump,  Fig.  336.  Shifting-gears  provide 
for  two  speeds.  The  pump  is  said  to  have  a  delivery  of  i  gal. 
at  100  R.  p.  M.  and  low  gear,  and  of  2  gals,  at  high  gear  per 
minute  ;  diam.  of  plungers  i  J  in. 

460a.  Amsler-Laffon,  SchafThausen,  Switzerland, 
build  a  rotary  pump  without  valves,  which  draws  the  oil 
from  a  vessel  above  and  forces  it  into  the  press-cylinder  of  the 
testing-machine.  The  pump  runs  at  uniform  speed,  driven  by 
hand  or  belt,  and  is  designed  without  packing  so  as  to  be  self- 
lubricating  in  all  parts.  The  pump  is  stopped  by  a  clutch 
coupling.  The  pump  is  also  designed  to  be  driven  by  an 
electric  motor.  Regulation  is  effected  by  means  of  a  needle- 
valve,  which  controls  admission  to  the  press.  The  oil  can 
again  return  to  the  reservoir  from  the  press.  The  pump  re- 
quires i  H.  P.  for  maximum  capacity  under  usual  speed  with  a 
165-ton  (150,000  =  kg)  machine.  It  is  shown  in  Figs.  6  and  7, 
Plate  14. 

461.  Pumps  similar  to  those  described  in  {44/-460)  are 
moreover  made  by  all  shops  constructing  hydraulic  plants; 
it  may  suffice  to  have  referred  to  a  few  examples.  Special 
attention  should  be  given  to  simple  construction,  as 
well  as  accessibility  of  valves  and  regulat- 
ing devices;  duplicate  parts  thereof  should  always  be 
provided  with  a  new  installation. 
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2.  Acciiniiilators. 

462.  It  will  answer  to  refer  to  a  few  accumulators 
which  are  in  general  use,  and  particularly  to  those  which  are 
used  in  testing,  or  are  specially  adapted  for  it. 

463«  The  usual  form  of  accumulator  consists 
of  a  strong  vertical  cylinder  connected  to  the  pressure-pipes, 
having  a  plunger  carrying  heavy  weights.  Area  of  plunger 
and  weights  are  proportioned  so  that  the  former  rises  as  soon 
as  the  pressure  has  risen  to  the  desired  maximum  for  service. 
Increased  consumption  of  water  causes  the  plunger  to  descend, 
decrease  causes  it  to  rise  to  its  highest  position,  in  which 
proper  mechanism  either  slows  up  the  pump  or  stops  it  en- 
tirely. As  long  as  the  plunger  and  its  load  are  kept  floating 
the  working  pressure  in  the  piping  will  be  maintained.  Hence 
the  accumulator  absorbs  the  excess  of  pump-delivery  over 
consumption  by  the  testing-machine,  and  supplements  the 
pump  when  the  demand  is  excessive.  The  capacity  of  accu- 
mulator, diameter  and  stroke  of  plunger,  must  be  suited  to  the 
requirements  of  each  individual  installation ;  where  there  are 
several  testing-machines  in  simultaneous  use,  the  accumulator 
may  assume  considerable  proportions. 

464.  When  a  low-pressure  water-supply  is  available,  so- 
called  multipliers  or  intensifiers  are  used  instead 
of  loading  by  dead  weight.  These  intensifiers  consist,  as  in 
Fig.  337,  of  a  large  cylinder  i  and  a  small  one  2.  The  low- 
pressure  water  4  acts  on  the  large  piston  3  and  replaces  the 
rising  and  falling  weights  of  the  accumulator.  The  small 
cylinder  2  is  a  part  of  the  high-pressure  system  5  as  before. 
The  working  pressure  is  dependent  upon  the  low  pressure,  and 
the  ratio  between  the  two  pistons.  When  the  delivery  of  the 
high-pressure  pump  is  deficient,  then  the  large  piston  will  be 
driven  by  the  low-pressure  water.  When  the  delivery  of  the 
high-pressure  pump  exceeds  the  consumption,  then  the  small 
piston  6  will  drive  the  larger  and  force  the  water  back  into 
the  main. 
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465.  The  Charlottenburg  Laboratory  has  an 
accumulator  of  the  Pohlmeyer  type,  Plate  9,  Figs.  30  and 
31,  and  it  is  used  as  an  automatic  pressure-regulator.  Pohl- 
meyer, however,  originally  designed  it  for  his  machine  as  a 
substitute  for  a  power  pump.  He  arranged  the  piping  and 
valves  (indicated  in  Fig.  337  by  the  three-way  valves  7-9)  in 
such  manner  that  the  low-pressure  water  under  the  large 
piston  could  be  drawn  off  and  then  opening  the  low-pressure 
on  the  small  piston,  as  shown  in  Fig.  337.  Hence  the  plunger 
is  forced  down,  and  the  accumulator  was  again  ready  for  the 
next  test.  The  regulating-valves  shown  as  three-way  cocks 
are  to  be  so  arranged  that  valve  7  connects  cylinder  i  with  the 
low-pressure  main  4  or  with  the  waste-pipe  10.  Valve  8  must 
either  connect  the  small  cylinder  2  with  the  low-pressure  main 
4  or  with  the  high-pressure  system  5.  In  the  high-pressure 
pipe  just  at  the  machine  (especially  when  several  machines  are 
served  by  the  intensifier)  a  stop-valve  as  well  as  a  waste-valve 
9  (Plate  9,  Fig.  30,  73)  must  be  placed,  which  connect  the  ma- 
chine with  5  or  with  the  waste-pipe  11  ;  the  former  may  at  the 
same  time  serve  as  a  throttle-valve  to  regulate  the  speed. 
When  but  a  single  machine  is  operated  it  is  more  convenient 
to  apply  this  regulation  to  the  low-pressure  pipes. 

These  intensifiers  are  to  be  highly  recommended  for  simple 
and  convenient  manipulation  and  especially  when  a  toler- 
ably constant  low-pressure  supply  is  available,  because  they  pro- 
vide a  steady  source  of  power,  the  speed  of  which  can  be  regu- 
lated very  nicely.  If  it  is  desirable  to  work  rapidly,  care 
must  be  had  that  the  sections  of  the  low-pressure 
pipes  arenot  taken  too  small. 

These  intensifiers  are  moreover  built  by  other  works,  how- 
ever of  somewhat  different  design,  as  those  of  Mohr  & 
Federhaff,  Mannheim,  Germany  (Plate  7,  Fig.  6). 

466.  Latterly  accumulators  operated  by  air-pressure  are 
being  used  successfully,  in  which  compressed  air  acts  on  the 
large  piston.     These  apparatus,  as  it  appears,  have  some  ad- 
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vantages  over  those  previously  mentioned.  The  Charlot- 
tenburg  Laboratory  will  have  such  an  accumulator 
in  its  proposed  addition.  Drawing  and  description  of  this 
arrangement  as  built  by  L.  W.  Breuer,  Schumacher  & 
Co.  inKalk  near  Cologne,  after  designs  by  P  r  6  1 1  & 
S  eelh  o  f  f,  are  to  be  found  in  **  S  tahl  u.  E  i  se  n/*  1891, 
No.  I.  The  scheme  of  this  apparatus  is  shown  in  Fig.  338,  in 
which  I  is  the  small  cylinder  connected  with  the  high-pressure 
system.  The  water-pressure  forces  pistons  4  and  5  upward, 
thus  compressing  the  air  in  3.  Obduration  in  3  is  effected  by 
means  of  a  layer  of  oil  or  glycerine  and  a  cupped  leather  collar. 
Chamber  8  is  used  to   replenish   the   oil.     For  this   purpose 

• 

cocks  or  valves  10,  11  and  12  are  used,  as  after  closing  11  and 
12  the  oil  from  8  will  flow  through  10,  and  then  after  closing 
10  and  opening  11  and  12  will  pass  into  3.  By  means  of 
piping  9,  carbonic  acid  gas  or  air  can  be  forced  into  the  cylin- 
der 3  by  means  of  an  air-pump  (glycerine  being  substituted 
for  oil  when  the  former  is  used).  This  filling  need  be  done 
but  once,  after  which  only  the  slight  loss  is  to  be  replenished 
occasionally.  As  the  pressure  of  the  air  must  increase  consider- 
ably  when  the  pistons  rise,  it  is  necessary  in  cases  where  large 
fluctuations  of  pressure  are  undesirable  to  increase  the  air- 
space by  the  use  of  additional  receivers  6,  connected  with  the 
cylinder  3,  which  can  be  locked  by  the  valve  7.  When  making 
repairs  the  air  is  forced  from  3  into  6  as  much  as  possible  and 
valve  7  is  then  closed.  When  the  piston  reaches  its  maxi- 
mum height  the  hydraulic  pump  is  closed  down.  Besides 
this  perforations  are  provided  in  piston  4  which  act  as  a  safe 
waste  as  soon  as  their  orifices  pass  beyond  the  stuffing-box. 
Compressed-air  accumulators  have  been  largely  introduced  in 
service  recently.  It  is  claimed  for  them  that  they  permit  very 
rapid  motion  when  power  is  absorbed,  and  great  economy  in 
large  masses  of  material,  and  operate  very  steadily  and  with- 
out shock.     They  also  permit  the  use  of  various  pressures. 
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3.  Hisrh-pressure  Systems. 

467.  I 'have  repeatedly  called  attention  to  the  desirability 
of  large  calibre  of  high-pressure  piping,  when  it  is 
probable  that  additions  are  to  be  made  to  the  equipment,  or 
if  it  is  intended  to  use  viscous  materials,  as  oil,  glycerine,  or 
the  like.  Especial  attention  must  be  paid  to  stanchness 
of  all  piping.  In  the  Charlottenburg  Laboratory 
the  majority  of  packings  are  made  as  previously  described  (Fig. 
281),  by  use  of  rings  of  lead  or  leather,  which  are  entirely 
enclosed.  Thus  far  we  have  never  had  a  single  failure  due  to 
this  method.  Packing  by  means  of  steel  cones,  as  in  Fig. 
280,  is  especially  used  under  very  high  pressures  when  it  is 
desired  to  change  the  connections  frequently.  It  facilitates 
making  connections  in  any  direction  when  using  four  quad- 
rantal  sections.  It  will  also  be  found  in  the  valve-chamber 
shown  in  Fig,  339  ;  I  adopted  them  from  Emery's  designs.  In 
the  Charlottenburg  Laboratory  low  steel  (Flusseisen) 
pipes  are  in  general  use  ;  they  have  given  great  satisfaction. 
Within  the  building  the  pipes  should  always  be  laid  in  large, 
easily  accessible  trenches,  in  order  to  be  able  to  make  future 
changes  and  connections.  Small,  thick  copper  tubes  are  espe- 
cially useful  for  movable  or  portable  piping  for 
transmitting  high  pressure.  The  Charlotten- 
burg Laboratory  has  frequently,  and  during  many  years, 
used  a  soft  copper  pipe  about  100  ft.  long,  0.4  in.  outside  and 
about  i  in.  (10  mm  and  3  mm)  inside  diameter  ;  it  has  fre- 
quently transmitted  pressures  of  5000  at.,  and  was  frequently 
bent  to  and  fro,  rolled  up,  and  occasionally  annealed. 

4r.  Valves. 

468.  Valves  in  use  on  high-pressure  pipes  for  sealing  them 
and  for  regulating  speeds  of  machine  give  considerable  trouble 
and  inconvenience.     Knowledge  of  such  constructions  which 
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have  given  satisfaction  in  service  is,  therefore,  always  valuable. 
Cocks  are  very  difficult  to  keep  tight,  and  are  moreover  not 
suitable  for  accurate  regulation.  I  avoid  them  as  a  matter  of 
principle. 

469.  In  Fig.  339  I  illustrate  my  design  of  valVes,  as  it  has 
been  developed  in  the  course  of  years  in  the  Charlotte  n- 
burg  Laboratory,  and  as  it  is  now  used  almost  invari- 
ably. 

All  valves  for  each  individual  machine  are  placed  in  one 
block  or  chamber,  which  is  mounted  on  a  column  in  such 
manner  that  the  levers  or  handles  are  about  39  in.  (i  m)  above 
the  floor.  These  columns  are  so  situated  in  the  laboratory 
that  they  are  convenient  for  manipulation  by  the  observer 
standing  at  the  telescope  of  the  mirror  apparatus,  who  at  the 
same  time  should  be  able  to  conveniently  observe  and  handle 
the  load-indicator,  the  recorders,  and  the  test-piece.  The 
chamber  (i)  is  mounted  on  the  cast-iron  column  by  the 
pedestal  (2).  The  chamber  conforms  to  the  tubular  shape  as 
much  as  possible ;  the  passages  are  not  cored,  but  drilled.  It 
is  thus  easier  to  secure  solid  castings.  The  seats  for  valves  (3 
and  19)  are  peened  by  hard  drifts  before  final  finish,  to  harden 
them  as  much  as  possible,  and  the  valve-tips  on  the  spindles 
are  also  hammered.  These  are,  moreover,  all  made  of  good, 
tough,  dense  alloy,  because  iron  wears  too  rapidly,  and  hence 
often  becomes  leaky. 

Whenever  possible  the  water  was  prevented  from  pressing 
against  the  points  of  the  valves,  because  in  this  design  the  dif- 
ficulty arose  that  valves  closed  but  lightly  when  under  regular 
service  pressure,  could  only  be  opened  with  great  difficulty 
when  the  pressure  was  released,  and  the  trouble  became  greater 
as  the  length  of  valve  spindle  from  point  to  screw-thread 
increased.  The  heavy  pressure  acting  against  the  spindle 
produces  elastic  shortening  thereof,  and  hence  when  the 
hydraulic  pressure  is  relieved  in  the  system,  the  spindle  forces 
the  valve  c^ainst  its  seat ;  forcible  opening  is  likely  to  produce 
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leakage.  For  this  reason  the  rule  is  observed  to  make  the 
spindle  from  thread  to  valve  as  short  as  pos- 
sible and  also  of  great  thickness.  Excessive  pres- 
sure  is  not  necessary  to  close  a  good  valve  tightly ;  fine  threads 
more  easily  cause  excessive  pressure  than  coarse,  they  are  more 
easily  injured,  and  for  this  reason  a  relatively  coarse  thread  is 
used  for  all  valves  which  are  used  frequently.  Besides  this, 
very  small  hand-wheels  having  small  knobs  on 
projecting  arms  instead  of  large  hand-wheels  and 
wrenches,  are  provided  which,  although  afford- 
ing a  convenient  and  positive  hold  for  the  hand, 
prevent  frequent  excessive  tightening,  by  causing 
pain,  thereby  directing  the  operator's  attention  to  his  bad 
habits.  Valves  which  are  intended  for  fine  adjustment  are  pro- 
vided with  relatively  fine  threads,  and  are  so  constructed  that 
they  require  adjustment  only  at  infrequent  intervals. 

In  the  valves  shown  in  Fig.  339,  3  is  the  main  throttle-valve 
for  the  supply  6.  The  pressure  enters  from  behind  the  valve. 
Valve  19  closes  the  outlet  17;  13  and  14  are  simple  plugs. 
Packing-  and  stuffing-boxes  are  usually  back  of  the  spindle- 
thread.  Valve  3  admits  pressure  to  the  regulating-valves.  8 
is  for  ordinary  service,  while  10  is  used  very  slow  speed  and 
when  using  the  mirror  apparatus.  This  valve  is  once  adjusted 
for  this  speed,  and  is  thereafter  as  a  rule  never  touched.  To 
prevent  disturbing  it  by  meddlesome  persons,  a  cap  12  is  screwed 
over  it.  As  the  machine  is  unloaded  by  the  outlet-valve  19, 
and  as  3  can  be  opened  or  closed  independently  of  8  and  10, 
these  regulating-valves  need  not  be  touched  between  tests,  and 
hence  a  tested  speed  can  always  be  readily  obtained.  The 
tightness  of  all  pipe-connections  is  secured  by  use  of  conical 

plugs  {4^7). 

470.  All  machines  at  the  Charlottenburg  Labora- 
tory are  connected  with  the  city  water  mains  as  well 
as  the  high-pressure  system,  in  order  that  all  machines 
may  be  driven  by  city  pressure  when  running  lighj.     For  this 
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purpose  a  pipe  carrying  city  water  is  brought  to  the  valve- 
pedestal,  and  is  provided  with  a  three-way  cock  connecting  it 
with  the  outlet-pipe  17.  Upon  opening  the  valve  19  and  ac- 
cording to  position  of  the  three-way  cock,  the  machine  may 
be  either  drivt^n  or  relieved. 

471.  I  constructed  the  regulati  ng- valve  shown  in 
Fig.  340  (J  size)  for  the  Charlottenburg  Laboratory, 
which  has  the  object  of  varying  the  water.pressure  in  a  vessel 
to  be  tested  (pipe,  iron  flask,  pressure-cylinder  of  a  testing- 
machine,  etc.)  automatically  between  a  maximum  and  a  mini- 
mum pressure. 

Problems  of  this  kind  arose  in  the  laboratory  during  repeti- 
tive tests  of  carbonic-acid  flasks,  which  had  to  be  charged  and 
relieved  alternately  many  thousand  times.  The  proposed  tests 
of  steam-pipes  under  frequently  varying  pressures  and  simul- 
taneous changes  from  hot  to  cold  will  require  similar  arrange- 
ments. 

The  construction  of  this  regulating- valve  for  fre- 
quent reversal  of  pressure  is  briefly  described  below. 

The  valve-body  i.  Fig.  1^0  A-E,  is  connected  to  the  admis- 
sion-pipe and  the  vessel  to  be  tested  by  the  pipe  16.  If  a 
number  of  vessels  are  to  be  tested  in  an  identical  manner  simul- 
taneously, they  are  all  to  be  connected  by  pipes  14,  each  con- 
trolled by  a  valve  13.  In  the  chamber  i  there  is  a  neatly 
ground  piston  3,  which  transmits  the  increasing  pressure  by 
means  of  the  spring  case  5  and  the  levers  6  to  the  regulating 
springs  7  for  the  maximum  limit  of  pressure.  The  piston  is 
connected  to  the  re  versing- valve  by  a  prolongation.  The  valve 
will  thus  be  tripped  for  discharge  (release)  as  soon  as  the  pres- 
sure back  of  the  piston  has  increased  to  such  an  extent  that  the 
nut  12  originally  bearing  against  the  valve-body  is  raised  by  a 
certain  amount.  This  will  relieve  the  pressure  in  the  vessel 
to  be  tested.  As  the  reversing-valve  is  so  constructed  that  it 
will  at  flrst  remain  in  its  position  while  the  piston  recedes,  the 
nut  12  will  again  become  seated  on  I  during  decrease  of  pres- 


370  IV.   Testing- MACHINES.  (471.) 

sure.  The  piston  3  can  then  advance  in  i  only  when  the 
pressure  in  the  piping  has  decreased  to  such  an  extent  that 
the  regulating-spring  for  minimum  pressure  overcomes  the 
liquid  pressure.  The  slight  play  of  J  in.  (6  mm)  which  the 
spring  ID  allows  the  piston  suffices  for  the  reversal  of  the  re- 
versing-valve,  and  then  the  operations  are  repeated.  The  adjust- 
ment of  springs  7  for  the  maximum  pressure  is  made  by  detail 
8  and  9.  Spring  10  is  adjusted  for  minimum  pressure  by  screw 
II. 

The  construction  of  the  reversing-valve  is  shown  in  Fig.  340 
F-H,  In  the  valve-chamber  17  there  are  three  annular  slide- 
valves  18-21  moving  with  each  other,  of  which  18  is  connected 
to  the  piston  and  moves  with  it.  Slide  19,  20  is  a  valve  com- 
posed of  two  pieces  which  is  moved  by  18  only  after  the  latter 
has  travelled  the  distance  desired,  which  can  be  regulated  by 
adjusting-nuts.  21  is  the  actual  reversing-valve,  thrown  sud- 
denly by  the  water-pressure  to  either  end  of  its  stroke  when 
the  drag-slide  19  admits  the  high  pressure  (duct  35  or  36)  to 
slide  21. 

When  piston  3,  Fig.  340,  /%  forces  slide  18  to  the  right,  when 
maximum  pressure  has  been  reached  in  the  vessel,  to  be  tested, 
it  will  first  close  openings  32  in  the  slide  19.  If  18  travels  so 
far  to  the  right  as  to  open  passage  35,  the  pressure  in  duct  27 
will  throw  slide  21  to  the  right,  permitting  the  water  from  36 
to  escape  by  33  and  34.  This  motion  of  21  at  the  same  time 
opens  connections  between  passages  30  and  31,  and  the  pressure 
water  escapes  through  pipe  16  and  valve  23  to  pipe  25.  Valve 
23  serves  to  regulate  speed  of  release. 

If  piston  3  forces  the  drag-slide  19  to  the  left  when  the 
minimum  pressure  is  reached,  until  passages  36  and  28  become 
connected,  the  slide  21  will  be  thrown  to  the  left.  Passage  31 
becomes  connected  with  29,  and  the  pressure  in  24  is  admitted 
to  the  object  under  test  by  means  of  valve  22  and  pipe  16.  The 
pressure  increases  at  a  rate  controllable  by  valve  22.  Then  the 
operation  is  repeated.     Screws  26  lock  the  drilled  holes,  or  caa 
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be  used  as  connections  for  gauges.  Pipe  35  is  the  outlet  for 
the  tripping-water  escaping  by  34. 

All  holes  are  bored  by  machine,  and  the  passages  are  milled. 
The  inlet  valves  and  valve-passages  are  made  ample,  in  order 
to  allow  the  use  of  oil  or  glycerine  occasionally.  This  is  espe- 
cially necessary  for  the  operation  of  repetitive  test-machines, 
constructed  according  to  the  Amsler-Laffon  (Amagat)  de- 
sign, having  ground  pistons  without  counterbore  {4.77\  and 
which  is  so  arranged  that  it  can  be  used  equally  well  for  ten- 
sion, crushing,  and  also  alternate-tension-crushing  tests.  In 
the  latter  case  a  special  reversing  device  must  of  course  be 
provided  for  the  change  from  tension  to  crushing,  or  the  regu- 
lating device  must  be  provided  with  the  necessary  passages. 

In  similar  manner  the  arrangements  for  pipe-tests,  under 
changes  of  pressure  and  temperature,  may  be  provided  for. 

Simple  reversing  valves  of  the  foregoing  type  are  very  suc- 
cessfully used  in  the  Charlottenburg  Laboratory  for 
various  purposes,  as,  for  instance,  the  automatic  adjustment 
of  poise-weights  on  testing-machines  {S^4)f  ^^^  hence  perfect 
success  may  be  expected  of  the  device  above  described. 

Other  arrangements  of  valves  shall  be  discussed  with  the 
testing-machines  or  shown  in  the  drawings. 

5«  Hydraulic  Cylinders. 

4 7  2.  The  following  general  remarks  may  be  made  about 
hydraulic  cylinders: 

They  are  usually  made  of  cast  steel  or  iron,  wrought  metal 
being  rarely  used.  Pistons  are  frequently  cased  in  brass  or 
copper  to  prevent  corrosion  due  to  acid  in  water  or  lubricants. 
Cupped  leather  collars  are  generally  used  for  packing,  which, 
when  carefully  made  and  used,  serve  admirably ;  they  may  be 
made  so  tight  that  after  years  of  use  not  a  single  drop  of  water 
will  leak  from  them.  This  is  a  requirement  absolutely  neces- 
sary for  testing-machines  when  mirror  apparatus  is  to  be  used. 
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Stuffing-box  packing  of  hemp,  etc.,  is  rarely  used,  especially  in 
case  of  high  pressure. 

473.  A  very  large  machine,  whose  piston  is  packed  with 
hemp,  is  that  designed  by  Chas.  Kellogg  at  the 
Union  Bridge  Co.,  Athens,  Pa.,  shown  in  Fig.  3 1 5 
{44S)  oi  600  t.  capacity  {L48, 1887, 1,  p.  413;  42,  1887,  p.  i). 
The  construction  of  cylinder  i,  cylinder  head  2,  and  piston  3  is 
shown  in  Fig.  341.  These  three  parts  are  made  of  cast  steel. 
The  four  piston-rods  5,  each  of  5f  in.  (145  mm)  diameter,  pass 
through  stuffing-boxes  in  the  head  packed  with  hemp,  while 
the  joints  between  cylinder  and  heads  of  this  powerful  machine 
are  packed  by  copper  rings. 

4 7 4:.  A  still  larger  machine  of  the  same  pattern  of  1200 
tons  capacity  is  that  of  the  Phoenix  Iron  Co.,  at 
Phoenixville,  Pa.  {L  48,  1891,  p.  142).  It  has  a  piston  of 
about  64  in.  (1630  mm)  with  4  pistons  of  about  8^  in.  (216  mm) 
diameter.  Hemp  packing  was  selected  because  it  was  assumed 
that  this  water-soaked  packing  would  produce  much  less  fric- 
tion than  cupped  leather  packing,  and  slight  friction  was  essen- 
tial because  loads  are  not  weighed  by  a  scale.  The  load 
applied  is  determined  by  gauge-reading. 

'475.  The  large  i2C)0-t.  Kellogg  machine  at  Phoenix- 
ville, Pa.,  having  a  diameter  of  piston  of  64  in.,  is  operated  by 
hydraulic  pressure  up  to  only  60  at.  In  this  case  the  hemp 
packing  may  perhaps  remain  sufficiently  tight  to  carry  out 
crude  tests ;  but  for  tests  requiring  measurements  of  precision, 
in  which  the  packing  must  be  absolutely  tight,  it  is  probable 
that  only  the  cupped  leather  or  ground  piston  {477)  are  appli- 
cable. 

The  question,  however,  as  to  the  amount  of  fric- 
tion in  packings,  plays  a  very  important  r61e  in  hy- 
draulic testing-machines  in  which  loads  are  determined  from 
gauge-readings  of  the  hydraulic  pressure  in  the  straining- 
cylinder.  But  as  this  type  of  machine,  because  of  the  great 
simplicity  and  absence  of  all  complicated  and  delicate  parts,  is 
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of  great  value  in  actual  practice,  I  shall  here  impart  what. I  found 
in  literature  in  regard  to  friction  of  packings.  I  should  be 
very  thankful  to  my  readers  for  the  communication  of  further 
facts,  and  hope  that  the  Charlottenburg  Labora- 
tory will  have  an  opportunity  to  increase  the  results  of 
observations. 

By  means  of  a  low-steel  column  the  great  Phoenixville 
machine  was  compared  with  the  famous  Watertown,  Mass., 
machine.*  The  same  roller  extensometer  reading  to  xtt^tttt  ^"• 
(0.0025  mm)  was  used  for  reading  the  amount  of  crushing. 
The  gauge-readings  of  the  Phoenixville  machine  gave  results 
of  from  15-175^  greater  value  than  were  obtained  with  the 
Emery  machine,  and  this  difference  is  ascribed  to  friction 
and  error  of  gauges  of  the  Phoenixville  machine.  After  apply- 
hig  the  above  correction  of  15-175^,  it  is  considered  that  the 
errors  in  the  results  of  the  Phoenixville  machine  will  be  within 
35^  of  those  of  the  Emery -Watertown  machine.  (It 
would  be  valuable  to  know  the  degree  of  certainty  with  which 
this  comparative  factor  may  be  assumed  to  remain  constant.f) 

{L  2S7) 

476.  Tests    of    friction    of    cupped  leather 

collars  were  made  by  M  a  r  i  ^  (Z  212), 

The  conclusions  of  tests  made  by  F 1  a  d,  and  published  by 
Cooper,  are  plotted  in  Fig.  342  (Z  2ij),  Henry  Flad 
made  his  tests  with  the  apparatus  shown  in  Fig.  343.  The 
cylinder  i  was  packed  by  two  cupped  leather  collars  3,  sur- 
rounding the  piston  2. 

Flad  gradually  decreased  the  width  of  a  collar,  bearing  on 
the  piston  from   i^  in.  (28  mm)  to  J  in.  (3  mm);   hydraulic 

*  These  comparative  tests  were  suggested  and  inaugurated  by  the 
translator,  and  another  series  of  observations  (not  given  in  L  2^7)  were 
made  by  him,  using  his  own  extensometer,  with  practically  the  same 
results.  The  errors  of  the  Phoenixville  gauges  were  in  no  case  deter- 
mined. In  each  series  of  tests,  however,  measurements  were  made  on  one 
side  of  bar  only. 

t  A  similar  comparison  made  by  the  translator  three  years  earlier  gave 
similar  results. 
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pressure  was  admitted  by  pipe  7  and  measured  by  the  gauge 
6  ;  it  was  raised  to  30  at.  The  force  P  required  to  move  the 
piston  2  under  various  pressures  was  then  determined.  This 
force,  expressed  in  i,  of  the  total  pressure  which  a  piston  of 
diameter  d  would  exert  under  the  various  hydraulic  pressures 
used,  is  plotted  in  Fig.  342  in  A  and  By  arranged  for  increasing 
pressure.  The  influence  of  the  condition  of  the  leather  collar 
is  seen,  as  well  as  that  of  the  diameter  of  the  piston.  The 
friction   amounts   to    ij^   at   high   pressures. 

For   pressures  up  to  400  at.  H  i  c  k  (Z  21^  showed  the 
piston  friction  to  be  less  than  0.551^.     Compare  Fig.  342,  C, 

Friction   of   Leather    Packing   in    Hydraulic    Presses. 

(Trans.  Am.  Soc.  C.  E.,  1887,  p.  30.) 

z-3  diam.  piston  )  in  ;  i,  new  and  stiff  leather;  2,  much  used;  3,  new  leather. 

4,  new  and  stiff  leather  slightly  greased ;  5,  well  treated  and  lubricated. 

6  It  t*  »l  tt  ••  *t  -  ti  **  »4  •• 

•  7* 

8,  x6  tests  with  cupped  leathers  of  various  widths. 


4.5  "  "  4  in. 

6,7  **  *'  Sin. 

8  "  "  9  in. 

9  "  "  6  in. 


9i  »4 


In  8  and  9  full  lines  give  averages ;  maxima  and  minima,  fine  lines. 

Nos.  1-7,  Hick's  tests ;  Nos.  8  and  g,  F I  a  d  '  s  tests. 

Nos.  4-7,  friction  decreases  constantly  with  increasing  pressure,  and  is  less  than  ^  for 
n  =  400  at. 

477.  Amsler-Laffon  avoids  all  packing  in  his  test- 
ing-machines, Plate  14  and  Fig.  133  (^5j),  as  he  follows 
Amagat's  principle  of  fitting  the  piston  into  the  cylinder 
with  such  accuracy  that  the  viscous  castor-oil  used  can 
pass  the  joint  between  piston  and  cylinder 
only  very  slowly.  This  construction  is  also  satisfac- 
tory, as  it  demands  perfect,  positive,  and  long  guides  of  the 
piston,  (603^  by  In  order  to  produce  good  work,  A  m  s  1  e  r- 
Laff  on  leaves  his  cylinder  16,  Fig.  333,  open  at  both  ends; 
large  boring-bars  can  thus  be  readily  used.  The  piston,  which 
may  be  said  to  be  floating  in  a  slowly  flowing  layer  of  oil,  has 
in  fact  very  slight  friction,  especially  when  at  the  same  time 
constant  rotary  motion  is  produced,  as  is  the  case  in  the 
pressure-re versing  pistons  26  and  3,  Fig.  333-^4.  This  piston 
is  given  an  oscillatory-rotary  motion  by  the  eccentric  35  and 
links  28  and  30. 
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b.  Mechanical  Loading  Derices. 

478.  Mechanical  loading  (as  distinct  from  hydraulic)  is 
usually  done  by  screw  and  worm-wheel.  Screw 
mechanisms  are,  of  course,  constructed  in  many  different 
forms,  but  as  they  are  special  forms  of  machine  construction  I 
shall  not  further  discuss  them  ;  it  will  be  easy  to  understand 
the  types  used  in  testing-machines  without  special  description 
from  an  examination  of  the  many  illustrations  on  Plates  3-20. 

The  worm-wheel  is  either  driven  by  hand  or  by  shaft- 
ing. In  the  latter  case  the  construction  differs,  as  it  may  be 
provided  with  various  speeds,  or  with  rapid-return  motion.  I 
shall  mention  but  a  few  types  here. 

479.  Mohr  &  Federhaff  provide  a  friction  disc  on 
a  counter-shaft,  Plate  6,  Figs.  3  and  4.  The  various  speeds 
are  obtained  by  shifting  the  small  wheel  31  with  refer- 
ence to  centre  of  large  wheel  30  by  rope-drive  and  screw 
32.  The  speed  can  therefore  be  arranged  at  will,  only  lim- 
ited by  the  diameter  of  the  large  wheel. 

Other  examples  of  very  complicated  designs  are  shown  on 
Plates  4,  8,  13,  14,  15,  16,  18,  and  20.  Among  these  I  wish  to 
call  particular  attention  to  the  combination  of  hydraulic  and 
screw  power  in  the  Gollner  machine  Plate  13,  Figs.  1-5, 
and  to  the  peculiar  drive  by  wedge-surfaces  of  C  h  a  m  o  n  d, 
Plate  15,  Fig.  15,  hardly  worth  imitating. 

480.  If  the  question  arises  as  to  the  advantages  of 
hydraulic  or  mechanical  power,  we  may  reach  the 
following  considerations : 

For  small  forces  the  screw  power  is  no  doubt  the  more 
convenient  under  all  circumstances.  Especially  as  long  as  the 
power  necessary  can  still  be  easily  supplied  by  the  hand  of  the 
observer,  hydraulic  power  will '  hardly  be  used  in  case  of 
individual  machines.  Even  when  shafting  is  available  for 
power  and  but  a  few  light  machines  are  to  be  operated,  screw 
power  is  more  desirable,  which  is  provided  with  convenient 
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devices,  such  as  the  Mohr&  Federhaff  driving  mechanism 
(^7p,  Plates  6  and  7).  If,  however,  heavy  power  is  required^ 
screw  power  becomes  inconvenient,  and  hydraulic  pressure 
will  be  the  simplest.  This  is  also  true  for  small  machines,  in 
case  a  pressure  system  is  available,  or  a  system  may  be 
provided  for  several  machines.  Hydraulic  power  offers  so 
many  advantages  and  conveniences  under  these  conditions 
that  it  is  to  be  preferred  to  screw  power. 

Advantages  claimed  for  screw-power  are  steadiness  of  mo- 
tion, freedom  from  impact,  and  also  the  fact  that  any  and  all 
loads  may  be  left  indefinitely  on  the  test-piece  without  danger 
of  drop  of  load  other  than  that  due  to  the  change  of  shape 
produced.  For  measurements  of  precision  this  is,  of  course,  a 
great  advantage.  This  requirement  is,  however,  a  rare  excep- 
tion in  testing-materials,  which  may  be  necessary,  however,  in 
scientific  laboratories.  As  a  rule,  the  cupped  leathers  of  * 
hydraulic  presses  may  quite  readily  be  put  into  such  condition 
that  there  is  hardly  any  leakage,  so  that  hydraulic  presses  will 
also  maintain  loads  for  long  perigds  of  time  without  requiring 
replenishment ;  this  does  certainly,  however,  require  superior 
maintenance  of  the  machine.  There  is,  then,  no  difficulty 
whatever  in  making  precise  measurement  with  mirror  appa- 
ratus at  leisure.  Loading  by  hydraulic  pressure,  the  speed 
may  be  varied  most  conveniently  between  wide  limits  when 
suitable  valves  are  provided  (4^(>g),  Fig.  339. 

481.  However  the  driving-power  may  be  arranged,  the 
principle  that  the  operation  should  require  as  few 
attendants  as  possible,  and  that,  if  possible,  the 
operator  should  be  able  to  handle  all  detail,  so 
as  to  have  the  machine  completely  under  his 
persona  1  control,  without  having  his  attention  withdrawn 
in  any  manner  from  his  other  duties,  should  always  be  borne 
in  mind.  All  manuals  (valves,  levers,  loading  devices,  etc), 
should  move  freely,  and  be  most  conveniently  accessible. 
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c.  The  Frame. 

48!3«  The  frame  has  the  first  essential  duty  of  trans- 
mitting the  loads  produced  by  the  loading 
mechanism  through  the  test-piece,  thence 
through  the  indicating  mechanism  and  back 
to  the  loading  device,  hence  to  close  the  circuit  of 
forces.  Its  second  duty  is  to  hold  the  whole  in  place,  hence 
to  transmit  all  loads  and  external  forces  to  the  foundation  as 
well  as  to  absorb  the  shock  produced  at  the  instant  of  rupture 
and  make  it  harmless.  Its  third  duty  is  to  correctly  guide  and 
serve  as  abutments  for  the  mutual  motions  of  parts  of  the 
machine,  and  to  provide  points  of  support  for  auxiliary  appa- 
ratus, measuring-instruments,  etc.  All  these  requirements 
make  possible  a  great  many  different  designs,  which  are 
partly  predetermined  in  advance  by  the  general  construction  of 
the  machines  {439^  etc.),  but  are  dependent  to  a  great  degree 
upon  the  skill  and  knowledge  of  the  designer.  It  is  in  itself 
not  always  very  easy  to  divine  the  ultimate  ideas  of  the  construc- 
tor of  a  machine,  and  with  the  great  number  of  possibilities  it 
is  much  more  difficult  to  embody  the  fundamental  principles 
of  construction  in  definite  shapes.  For  these  reasons  I  cannot 
enter  upon  a  discussion  of  the  details  of  the  frames  of  machines, 
and  must  limit  myself  to  a  few  general  remarks,  illustrating 
them  by  a  few  examples. 

483.  The  first  stated  principle  of  complete  circuit  of 
forces  is  made  exceedingly  clear  by  the  Emery  testing-ma- 
chine (Z  211)  as  built  by  Wm.  Sellers&Co.  of  Phila- 
delphia, Pa.,  Plate  18.  The  large  left-hand  cylinder,  Fig. 
344,  conceals  the  weighing-chamber  (S59)y  while  the  straining 
mechanism  (hydraulic  press)  is  at  the  right-hand  end  of  the  ma^ 
chine,  the  two  being  connected  by  the  two  heavy  shafts.  The 
whole  is  carried  by  two  legs  which  appear  relatively  light,  as 
these  merely  carry  the  dead  weight  and   transmit  some  of  the 
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forces  of  inertia  produced  by  rupture  of  test-pieces  to  the  foun- 
dation. The  machine  is  used  for  tension-  and  crushing-tests,  and 
hence  the  shafts  are  subject  to  crushing  in  the  first  case  and  to 
tension  in  the  second,  the  circuit  of  forces  being  thus  made 
in  the  simplest  manner.  The  forces  in  the  frame  are  trans- 
mitted in  the  most  apt  manner.  For,  only  two  bending 
moments  act  upon  the  massive  cast  blocks,  having  a  very 
great  moment  of  resistance  transmitted  to  the  cylinder  and 
upon  the  casing  of  the  weighing-chamber. 

In  considering  the  frame  or  base  of  the  machine  it  must  never 
be  forgotten  that  even  very  massive  parts  ultimately  show  deforma- 
tions under  stress  (be  it  ever  so  slight),  and  these  may  become  very 
annoying  under  certain  conditions,  when  not  foreseen  or  provided  for 
in  the  design  of  the  machine.  I  have  discussed  such  a  case  most 
fully  in  the  description  of  my  50-ton  machine  {L  162). 

In  order  to  present  these  conditions  to  students  most  strikingly 
they  must  determine  flexure  and  other  deformations  of  individual 
parts  of  the  machine,  if  necessary  by  use  of  mirror  apparatus,  dur- 
ing their  regular  work  in  the  laboratory.  The  flexure  of  the  long 
lever-arm  of  the  W  e  r  d  e  r  machine  was,  for  instance,  found  by 
measuring  the  distance  of  its  end  from  a  straight-edge  mounted  on 
the  main  body  of  the  lever  when  light  and  when  loaded.  It  was 
found  that  the  greatest  load  on  scale-pan  (450  lbs.)  produced  a  de- 
flection of  about  i  in.  (3  mm).  Fig.  345  shows  the  measurements 
plotted  for  loads  from  o  to  440  lbs.  (0-200  kg)  (100  tons  ca- 
pacity). The  heavy  full  line  shows  results  of  rough  measurements 
with  millimeter  scale,  the  flne  line  those  of  the  cathetometer  under 
increasing  loads  ;  broken  lines  under  decreasing  loads. 

The  possible  effect  of  deflection  of  parts  of  a  machine  on  the 
accuracy  of  a  weighing-machine,  even  vhen  unloaded,  is  demon- 
strated by  the  following  examination  of  the  W  e  r  d  e  r  machine* 

In  a  special  series  of  tests  the  scale-beam  was  made  to  float  at 
o  while  the  piston  was  completely  within  the  cylinder,  when  it  was 
gradually  moved  out,  without  changing  anything  at  the  scale,  and 
the  new  point  of  equilibrium  was  found  for  different  positions  of 
piston,  by  use  of  the  spirit-level  and  usual  methods.  Fig.  346  repre- 
sents the  change  of  equilibrium  for  various  positions  of  the  piston 
while  moving  in  or  out  of  the  cylinder.  Readings  of  scale  on  level 
(means  of  readings  at  both  ends  of  bubble)  are  plotted  in  vertical 
direction,  while  piston  positions  are  plotted  horizontally.  These 
displacements  of  point  of  equilibrium  are  probably  partially  due  to 
the  deflections  of  the  supports  4,  Plate  3,  Figs.  2  and  3,  of  the  sled 
9  which  carries  the  plunger  and  the  scale.  As  the  resultant  of 
weight  of  the  supported  parts  shifts  as  much  as  the  plunger,  there 
must  be  deflection  of  the  support  (although  very  slight).     But  this 


(484,  485* )        Vertical  and  Horizontal  Design  of  Frame.  379 

cause  alone  does  not  account  for  the  behavior  of  the  beam,  for 
repetitions  of  the  test  always  show  changes  of  position  of  equilib- 
rium, but  the  sequence  of  these  variations  changes  more  than  would 
be  the  case  if  produced  by  a  single  cause. 

These  facts  are  certainly  very  instructive  and  urge  a  much  more 
exact  investigation  of  our  machines  than  is  commonly  made. 

Go  liner  examined  his  machines  most  critically  (Z  220);  he 
found  an  error  of  i^  at  44,000  lbs.  (20,000  kg)  load.  Influence  of 
deformations  and  of  inaccuracy  of  workmanship  has  been  also  dem- 
onstrated in  (Z  2is),  which  gives  my  investigation  of  sources  of 
errors  of  the  small  Hartig-Reusch  paper-tester,  Plate  1 1,  Figs. 
9-13.  In  the  description  of  my  iio,ooo-lb.  (50,000-kg)  machine 
(Z  162)  3L  very  characteristic  case  of  flexure  and  influence  of  de- 
formation of  a  very  heavy  frame  has  been  fully  discussed  and  its 
effects  elucidated. 

484.  It  IS  an  important  question  whether  a  machine 
is  to  be  built  horizontally  or  vertically.  The  de- 
cision of  this  question  besides  determining  the  shape  of  ma- 
chine also  exerts  a  material  influence  on  the  development  of  the 
frame. 

In  general  the  vertical  type  is  to  be  preferred,  because 
the  secondary  stress  produced  by  weight  of  test-piece  is 
avoided,  i.e.,  the  bending-stress  of  columns  under  crushing- 
and  thrust-tests.  But  the  vertical  arrangement  is  only  possi- 
ble in  case  of  relatively  short  machines,  unless  elevators  for 
the  observer  (Bauschinger's  vertical  machine)  are  to  be 
used. 

Tests  of  very  long  pieces  require  horizontal  construc- 
tion. This  is  generally  very  readily  observable,  accessible,  and 
handy,  but  produces  the  necessity  of  guiding,  supporting,  or 
suspending  all  parts  which  must  remain  movable,  because 
otherwise  secondary  stress  would  be  produced  in  the  test-piece. 

485.  The  frame  of  the  machine  should  be  designed  so  that 
the  test-piece,  the  weighing  and  the  loading 
mechanism  are  clearly  visible  and  accessible. 
The  exchange  of  holding-devices  and  bearing-blocks  for  different 
kinds  of  tests  must  be  convenient.  It  should  be  possible  to  re- 
move stuffing-boxes  without  partially  dismantling  the  machines. 
Examination  of  the  Sellers-Emery  machine  shows    that 
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many  advantages  may  be  gained  by  carefully  observing  the 
main  requirements.  Sellers  build  their  heavy  machines* 
the  same  as  many  other  designers  (Werder,  Kellogg, 
Hoppe  and  others,  Plate  3,  10),  horizontally,  so  that  the 
straining-screws  lie  in  the  horizontal  plane  passing  through  the 
centre  line.  In  this  case  they  can  really  be  used  only  for  ten- 
sion- and  crushing-tests,  and  also  perhaps  for  punching  and 
shearing,  etc,  for  which  the  auxiliary  devices  have  space  be- 
tween the  straining-columns.  These  machines  are,  however, 
of  little  use  for  reasonably  large  pieces  under  bending-stress^ 
This  would  be  a  very  easy  matter,  even  with  very  large  pieces, 
if  the  two  columns  were  placed  in  the  vertical 
plane  through  the  axis  of  machine,  which  would 
be  a  relatively  simple  matter  in  the  Sellers  machine.  In 
this  case  it  would  be  easy  to  make  transverse  tests  of  girders 
and  similar  pieces  in  a  horizontal  position,  and  convenience 
and  accessibility  of  other  tests  would  also  be  materially  en- 
hanced. The  Wicksteed  100-ton  machine,  Plate  17,  Fig. 
7,  is  similarly  arranged. 

The  monstrous  shapes  which  vertical  testing-machines  some- 
times take  when  the  weighing  mechanism  is  placed  on  top  of  the 
machine  is  shown  by  a  comparison  of  the  Wicksteed,  Pfaff, 
and  Martens  machines  (Plate  16,  Figs.  11  and  12;  Plate  13,  Figs. 
15-17;  Plate  5,  Figs,  i  and  3).  Each  has  a  single  lever,  which  in  case 
of  the  Wicksteed  machine  is  very  long  and  carries  a  travelling 
poise.  The  lever  of  the  latter  assumes  monstrous  proportions.  An 
inconveniently  heavy  mass  which  cannot  be  nicely  proportioned  and 
requires  a  number  of  details  which  by  no  means  help  to  beautify  it 
(beam  support  at  end  of  lever  to  receive  the  impact  at  instant  of 
rupture,  mechanism  for  operating  the  poise-weight)  floats  above 
the  head  of  the  observer.  In  the  two  other  machines,  that  of 
Pfaff,  also  having  a  capacity  of  220,000  lbs.  (100,000  kg),  has  a 
lever  of  very  high  ratio,  and  relatively  short  levers  with  drop-weights. 
The  lever-masses  become  smaller  and  may  more  readily  harmonize 
with  the  other  rigid  parts  of  the  machine. 

In  face  of  these  circumstances  the  question  must  be  asked 
whether  the  capability  and  accuracy  of  this  unshapely  Wicksteed 

*  S  e  11  e  r  s  build  all  of  their  machines  horizontally  because  it  is  claimed 
that  otherwise  shock  at  instant  of  rupture  is  liable  to  injure  the  machine. 
A  few  machines  have  been  built  with  the  plane  of  axes  of  straining-screws 
at  an  ang^le  of  45*  with  the  horizontal. 
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machine  excels  the  other  two  to  such  a^degree  as  to  warrant  such  a 
type  of  construction  ?  This  is  not,  however,  to  be  interpreted  as 
meaning  that  the  Wicksteed  does  not  possess  advantages,  for  I 
refer  in  this  case  to  exterior  appearance  alone;  but  the  question  of 
the  inertia  of  masses  cannot  be  entirely  suppressed,  especially  when 
it  is  stated  that  tests  are  made  with  this  machine  in  i  or  even  i 
minute.  More  attention  should,  moreover,  be  paid  to  inertia  in 
case  of  other  machines. 

O.  The  Load-indicator. 

486.  The  same  principles  which  apply  to  scales,  gauges, 
etc.,  also  apply  to  the  load-indicators  of  testing-ma- 
chines.  There  are  some  additional  special  features  which  have 
individually  been  adopted  more  or  less  generally  in  testing- 
machines.  The  scale,  especially  the  beam-scale,  is  frequently 
such  a  predominant  feature  in  the  design  of  a  testing-machine, 
that  it  becomes  apparent  at  the  first  glance  in  the  modem  ma- 
chine. I  refer  to  the  machines  of  Mohr  &  Federhaff 
(PI.  6  and  7);  RiehU  (PI.  19);  Olsen  (PI.  20);  and 
Fairbanks.  The  latter  uses  a  scale  with  very  many 
levers,  which  reminds  one  very  much  of  the  ordinary  platform 
scales.  In  the  United  States  I  saw  but  two  examples  of  the 
Fairbanks  machine ;  as  it  no  longer  appears  to  be  built, 
the  present  reference  to  its  construction  shall  suffice  (Z  4j, 
Febr. ;  12,  1884,  p.  84,  113).* 

I  have  already  classified  the  types  of  load-indicators  in 
i^S  ^"S)'  Here  I  shall  examine  the  character,  the  require- 
ments of  construction,  and  the  peculiarities  of  load-indicators 
more  thoroughly.  I  shall,  however,  treat  the  subject  very 
broadly,  and  as  a  rule  refer  to  but  few  examples.  The  detail, 
where  deemed  necessary,  will  be  described  in  connection  with 
the  individual  machines,  or  be  left  to  a  study  of  the  illustra- 
tions. 


*  The  Fairbanks  machine  never  having  been  satisfactory,  has  not 
been  built  for  ten  years  or  more.  It  is  difficult  to  say  which  was  more  de- 
fective :  its  design  or  construction. — G.  C.  Hg. 
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a.  The  Leyer-seale. 

487.  The  principle  of  a  1 1  a  c  h  i  n  g  the  knife-edges 
to  the  levers  and  their  bearings  to  the  frame 
of  machine  is  generally  observed  in  the  design  of  lever- 
scales  having  fixed  lever-ratios.  The  design 
should,  however,  be  so  arranged  that  lever-ratios  may  be 
readily  calibrated  either  by  direct  measure- 
ment or  by  weighing. 

488.  The  accuracy  may  be  made  very  great  even  in 
scales  of  great  capacity.  But  in  testing  machines  they  must 
not  only  be  able  to  carry  steady  loads,  but  also  capable  to 
withstand  impact  and  oblique  loads.  Impact  occurs  whenever 
rupture  takes  place;  oblique  loads  may  arise  under  crushing 
test  in  tension  tests  of  wire  rope  when  the  machine  is  not  so 
arranged  that  the  holders  can  transmit  the  torsional  force  to 
the  frame,  or  adjusts  itself  to  it.  In  the  Werder  machine 
(PI.  3),  for  example,  it  has  happened  that  one  knife-edge  20 
left  its  seat  19  in  the  cross-head  21  (Fig.  4)  when  testing  a  very 
strong  wire  rope  under  effect  of  the  torsional  moment,  because 
the  screw  24  (Figs.  1-3)  had  been  drawn  up  too  tightly.  The 
scale  should  hence  be  so  constructed  that  none  but  the 
forces  to  be  weighed  can  be  made  to  bear  on 
it.  I  refer  to  this  particularly  because  this  requirement^ 
which  appears  self-evident,  is  not  always  provided  for. 
Displacement  of  the  knife-edges  on  their 
bearings  must  also  be  guarded  against,  so  that 
the  faces  of  levers  may  not  produce  friction  against  the  frame. 
Even  the  safety  devices  to  provide  against  possibility  of  dis- 
placement  of  knife-edges  on  their  bearings  have  been  im- 
properly designed  by  prominent  manufacturers,  and  I  have 
had  occasion  to  call  their  attention  to  this  almost  incredible 
error  while  calibrating  testing-machines. 

In  order  to  show  that  details  may  become  very  questionable 
in  the  hands  of  unreliable  operators,  even  in  machines  which 
are  in  almost  universal  use,  I  call  attention  to  the  Riehl^  and 
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the  Olsen  machines,  Plates  19  and  20,  in  which  the  upper 
part  of  the  machine,  the  platen  supporting  the  columns  and 
upper  cross-head,  is  connected  with  the  base  of  the  machine  by 
four  bolts.  These  four  screws  are  to  prevent  the  platen  from 
jumping  at  the  instant  of  recoil,  and  the  knife-edges  from  leav- 
ing their  seats  {S26-S2S).  For  this  object  thick  rubber  washers 
(buffers)  are  placed  under  the  nuts.  It  is  not  impossible  that 
tightening  the  nuts  may  affect  the  results  df  tests,  and  when 
using  different  machines  it  is  necessary  to  determine  the  tight- 
ness of  these  nuts. 

489.  That  great  value  should  be  laid  on  great  rigidity 
of  levers,  without,  however,  passing  beyond  a  practical 
degree,  will  be  understood  from  statements  in  {4SJ  and  50 j) 
without  further  discussion. 

490.  Some  designers  have  laid  great  stress  upon  proper 
balancing  of  levers,  and  hence  have  provided  them  not 
only  with  counterbalance-weights,  but  also  with  poise-weights 
so  as  to  provide  adjustment  of  elevation  of  C.  of  G.  with  rela- 
tion to  centre  of  oscillation,  as  Gollner,  PL  13,  Figs  1-14. 
Without  doubt  the  weighing  system  is  improved  thereby,  but 
it  is  a  question  as  to  how  much  of  it  is  necessary,  and  actually 
becomes  effective.  The  load-indicator  in  the  testing-machine  is  a 
vibrating  balance  only  solong  as  the  machine  is  loaded.  As  soon 
as  the  test-piece  is  fixed,  oscillations  can  occur  only  because 
neither  the  test-piece  nor  the  machine  is  inelastic,  and  both  are 
moreover  materially  affected  by  the  inertia  of  the  masses  of  the 
members  of  the  scale.  I  imagine  that  under  these  circumstances 
accurate  adjustment  of  the  scale  is  of  little  importance  (by  no 
means  denying  the  convenience  and  other  advantages),  and 
thatfargreaterbenefitis  derived  bythegreatest 
possible  rigidity  of  the  levers.  For,  instead  of  ini- 
tial adjustment  to  zero,  it  would  be  just  as  correct  to  take  an 
initial  reading  or  to  adjust  the  scale  to  a  zero  reading  by  shift- 
ing. This  idea  is  in  fact  frequently  adopted  in  machines  with 
pressure-gauges,  reducing-chambers,  etc. 

Adjustment  of  sensitiveness,  and  its  determination  by  initial 
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vibration  or  under  direct  loading  by  weights,  is  ultimately  of 
doubtful  value,  and  in  fact  only  a  convenient  method  to  de- 
termine whether  changes  of  condition  of  the  machine  have 
occurred.  For  this  reason  and  others  {534*  A  595j  0  ^  have 
introduced  Bauschinger's  method  {L  217)  of  the  standard 
bar  for  calibrating  the  machines  in  the  Charlottenburg 
Testing  Laboratory.  Direct  loading  (or  the  use  of  the 
calibrating  scale)  is  used  in  connection  therewith  for  determin- 
ing  lever  ratios   when   unloaded  or   under   very  small  loads 

{534,  a-l\ 

491.  Much  has  been  written  as  to  whether  a  lever  of 
very  high  ratio  or  many  levers  with  relatively 
great  lengthsofarms  are  preferable  in  a  testing-machine. 
After  the  foregoing  I  need  hardly  state,  that  both  methods  may 
produce  satisfactory  results,  as  proved  by  the  great  distribution 
of  both  types  of  machines.  It  is  my  personal  opinion  that 
machines  with  many  levers  merely  follow  the  custom  of  scale- 
builders,  probably  without  much  profound  thought,  and  hence 
again  call  attention  to  the  external  character  of  many  machines. 
When  it  is  considered  what  is  stated  in  previous  and  following 
sections,  it  will  be  understood  that  I  give  preference  to  few 
levers  with  high  ratios,  because  skilful  application  will  lead  to 
simpler  and  more  convenient  types,  more  easily  watched  and 
handled,  which  are  generally  materially  more  rigid,  than  scales 
with  many  movable  members.  Ultimately,  however, 
such  design  of  load-indicator  which  insures 
the  degree  of  accuracy  stated  in  {506)  with  re- 
liability is  always  sufficient,  and  this  may  be 
reached  by  a  single  lever  as  well  as  by  the  use  of  many. 

49!3.  In  order  to  show  a  few  additional  peculiarities  in 
lever  arrangements  for  load-indicators,  I  call  attention  to  the 
machines  of  Mohr  &  Federhaff  and  of  Grafen- 
s  t  a  d  e  n,  PL  6,  7  and  8,  in  which  differential  levers  as  shown 
in  outline  Figs.  347  and  348  are  used.  The  original  Riehl^ 
machine  was  also  similar  to  Fig.  348.  The  design  of  the  load- 
indicator  in  the  G  o  1 1  n  e  r  machine  is  very  complicated  (PI. 
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13,  Figs.  1-14),  especially  on  account  of  the  reversal  of  power  for 
diflerent  kinds  of  tests  (sp^-601)  {L  220). 

The  lever  systems  of  R  i  e  h  1 6  *  s  (PI.  19)  and  O  1  s  e  n  '  s 
(PI.  20)  machines  are  shown  in  Fig.  414  (s^S)  J"  conventional 
sketches.  The  scheme  of  H  o  p  p  e  *  s  scale  is  described  in  (5p/) 
Fig.  417. 

2.  Knife-edges. 

493.  The  detail  construction  of  knife-edges  and 
their  bearings  on  levers  of  testing-machines  is  of  some  im- 
portance, and,  as  but  little  has  been  published  on  this  subject, 
I  shall  give  some  notes. 

The  first  question  that  arises  is,  how  heavily  may  a 
knife-edge  be  loaded?  Rules  for  design  thereof  are 
unknown  to  me,  hence  I  mention  some  practical  cases.  In  the 
Werder  machine  (PL  3,  Figs.  1-3)  the  main  knife-edge  17  is 
about  I3iin.  long;  the  lateral  knife-edges  are  each  about  7^ 
in.  long.  Hence  each  inch  of  edge  carries  about  16,000  lbs. 
(2900  kg  per  I  cm)  and  15,000  lbs.  The  extreme  edges  have  * 
suffered  a  visible  flattening  during  the  course  of  years  under 
the  numerous  tests  at  the  Charlottenburg  Testing 
Laboratory,  and  on  the  somewhat  soft  bearings,  traces 
of  depressions,  and  wear  are  quite  noticeable.  Estimating  the 
surface  in  contact  between  knife-edge,  and  bearing  on  a  liberal 
basis  as  0.0195  in.  (0.05  cm)  wide,  then  the  stress  will  equal 
381,000  lbs.  per  sq.  in.  The  actual  maximum  load  is  most 
likely  rather  greater  than  less  than  this  figure,  but  neverthe- 
less the  machine  has  given  general  satisfaction  during  its  many 
years  of  use.  The  middle  knife-edges  8  and  13  of  the  110,000- 
Ib.  Mohr  &  Federhaff  machine  (PI.  6,  Fig.  2)  carry  a 
load  of  55,000  lbs.  on  a  length  of  3J  in.,  or  about  15,714  lbs. 
per  in.,  or  about  44,000  lbs.  per  sq.  in. ;  the  main  knife- 
edge  of  the  principal  lever  1 5  of  the  i  io,ooc)-lb.  P  o  h  1  - 
m  e  y  e  r  machine  (PL  9,  Fig.  2)  is  loaded  to  about  54,000  lbs. 
per  sq.  in.,  and  in  the  Grafenstaden  (PL  8)  the  load  may 
be  even  higher.     In  the  500-ton  H  o  p  p  e  machine  (PL  10)  the 
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load  on  the  principal  knife-edges  may  be  about  49,700  lbs.  per 
sq.  in.  Most  of  these  machines  have  been  built  in  considerable 
numbers  and  have  given  great  satisfaction ;  hence  the  con- 
clusion may  be  drawn  that  stress  on  knife-edges  of 
57,000  lbs.  per  sq.  in.  is  practically  permissible; 
this  stress  will  certainly  not  be  permitted  unless  necessary. 
G  o  1 1  n  e  r  states  the  stress  on  the  knife-edges  of  his  machine 
(PI.  13,  Figs.  1-14)  to  be  370,000  lbs.  (=  24,600  at). 

494.  Knife-edges  should  be  secured  in  the  levers  in  such 
manner  that  they  can  be  readily  ground  straight 
and  parallel  to  each  other,  when  in  position. 
This  condition  is  generally  difficult  to  meet ;  as  a  rule  the  end 
knife-edges  dovetailed  in  the  levers  are  so  constructed  (see 
PI.  8,  Fig.  2,  lower  levers  3  and  4 ;  PI.  6,  Fig.  I,  levers  7  and 
12).  The  middle  knife-edges  usually  pass  through  the  lever, 
and  are  ground  at  the  ends,  while  they  have  a  central  rect- 
angular section.  These  knife-edges  are  sometimes  merely 
inserted  with  a  driving  fit.  With  such  construction  it  should 
not  cause  surprise  if  the  knife-edges  loosen  in  course  of  time 
under  the  effect  of  heavy  shock  at  instant  of  rupture,  espe- 
cially when  deep  knife-edges  are  fitted  to  thin  levers. 

495.  W  e  r d  e  r  placed  great  weight  upon  good  con- 
struction of  knife-edges  and  of  bearings.  For  this 
reason  I  adopted  his  method  for  my  500-ton  machine,  and  refer 
to  PL  5,  Fig.  10,  because  this  shows  the  detail  better  than  PL  3, 
Fig.  3,  parts  17  and  18.  Werder  bedded  his  knife-edges  in 
heavy  cast  blocks,  to  prevent  any  possibility  of  bending,  and 
supported  these  blocks  on  flat  planed  surfaces  on  the  levers,  to 
which  they  were  securely  fastened  by  angle-blocks  and  screws. 
The  knife-edges  are  secured  in  their  bearings  by  bevelled 
liners  (Fig.  10,  PL  5,  18  and  19).  The  two  lateral  knife-edges 
20,  PL  3,  Fig.  4,  may  very  easily  be  brought  into  a  position 
truly  parallel  to  the  upper  planed  surface  of  the  heavy  casting 
13  of  the  scale  by  means  of  the  adjusting  cheek-pieces,  so  that 
they  lie  truly  in  a  straight  line,  as  the  edges  can  be  ground 
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parallel  to  the  bearing-surfaces  of  these  bodies.  The  middle 
knife-edge  is  similarly  ground,  so  that  when  its  bearing- 
block  has  a  full  bearing  against  the  vertical  face  of  the  lever 
13,  it  lies  accurately  in  the  plane  passing  through  lateral  knife- 
edges  20,  normal  to  the  upper  surface  of  13.  The  middle 
knife-edge  17,  Fig.  3,  may  then  also  be  easily  adjusted  accu- 
rately parallel  to  the  upper  surface  of  13.  Werder  originally 
provided  means  for  accurate  adjustment,  so  that  the  distance 
between  the  planes  passing  throught  the  middle  and  lateral 
knife-edges  could  be  adjusted  accurately,  i.e.,  the  lever  ratio 
could  be  made  =  y^^,  which  was  done  by  means  of  a  calibrat- 
ing scale.  This  adjustment  of  the  short  lever-arm  was  always 
very  difficult,  and  I  therefore  firmly  fixed  the  middle  knife- 
edge,  and  thereafter  used  the  adjusting  device  15,  Fig.  1-3, 
attached  to  the  long  lever. 

496.  P  f  a  f  f  used  a  peculiar  form  of  adjustable  knife- 
edge  seat  (Fig.  349 ;  L.  Mach.  Out.  1890,  p.  81).  He  mills  the 
knife-edge  out  of  a  solid  rolling-cylinder  i,  and  fastens  the 
latter  by  use  of  the  tangential  bolt  2,  in  the  lever.  The  adjust- 
ment of  leverage  is  secured  by  the  thread  on  2  engaging  a 
thread  in  the  cylinder,  which  is  then  clamped  in  position  by 
the  plates  3  and  4. 

497.  The  advantage  of  the  Werder  lever  construction 
will  be  seen  to  be  the  possibility  of  adjusting  the  leverage  to 
the  smallest  length  desired  ;  hence  angle-levers  of  great  ratio 
can  be  readily  obtained.  Another  advantage  is  the  massive 
rigid  lever-block,  which  is  excellently  adapted  to  transmit 
bending  moments  from  the  main  knife-edge  to  the  lateral 
knife-edges  without  transmitting  any  noticeable  bending  of  its 
own. 

498.  The  lever  of  my  50-ton  machine  (PL  5,  Figs.  1-3) 
is  constructed  on  the  same  principle ;  it  forms  a  straight  two- 
arm  lever  of  ratio  y^.  The  construction  is  self-explanatory 
when  it  is  noted  that  the  extension  to  the  left,  the  lever  25, 
with  counterbalance  26,  is  a  system   by   itself.     The    poise- 
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weights  are  deposited  mechanically,  the  weight-disks  being 
raised  or  lowered  by  screw  37  to  39  by  means  of  a  hand- 
wheel,  one  after  another,  and  placed  upon  the  suspended  scale- 
frame  29.  When  deposited  they  rest  upon  the  nuts  on  the 
bars  36.  Each  disc  30  represents  a  load  of  2,200  lbs.  (1,000 
kg).  Disks  31  represent  loads  22,000  lbs.  (10,000  kg) ;  they  are 
operated  by  the  crank  43. 

499.  I  used  a  similar  construction  for  my  small  5-ton 
machine  (PL  13,  Figs.  18-31).  The  detail  of  lever  construc- 
tion is  shown  in  Figs.  25-31  ;  adjustment  of  middle  knife-edge 
makes  it  possible  to  obtain  a  high  ratio  {L  2^8). 

500.  I  have  used  another  construction  of  levers  of  high 
ratio  in  the  design  for  the  scale  of  the  large  torsion  machine 
for  a  torsional  moment  of  1,887,600  in.-lbs.  (2,200,00  kg  i  cm), 
for  the  Charlottenburg  Testing  Laboratory  (Fig. 
350).  The  lever  3  serves  as  a  support  for  one  end  of  the  arm  5, 
which  holds  the  test-piece.  The  m^in  knife-edge  is  fitted 
rigidly  in  the  fork  of  the  lever,  while  the  pair  of  middle  knife- 
edges  is  secured  to  the  slide  4,  which,  bearing  on  projections  on 
the  lever-block  3,  can  be  so  adjusted  and  clamped  that  the 
short  lever-arm  of  3  may  be  of  any  length.  It  will  be  noted 
that  the  knife-edges  are  so  fitted  to  their  seats  that  they  can 
be  readily  ground  truly  parallel  to  each  other  on  a  grinding- 
machine.     The  lever  ratio  is  y^ . 

The  action  of  the  scale  is  shown  by  Fig.  351,  in  which 
identical  numbers  correspond  with  identical  parts  in  Fig.  350. 
The  forces  P  of  the  torsional  moment  are  transmitted  to  the 
scale  and  the  other  to  the  foundation  by  frame  15  and  bolts 
17  (Fig.  350).  The  scale  is  composed  of  the  levers  3  and  6  and 
the  rolling-poise  7.  It  can  resist  right-  and  left-hand  mo- 
ments— left-hand  moments  in  position  shown,  and  right-hand 
moments  when  the  entire  scale  is  swung  180**  about  its  pivot 
19  and  secured  by  the  four  other  anchor-bolts  17.  The  foun- 
dation, 8.4  ft.  (2.5  m)  deep,  rests  on  a  continuous  iron  bed- 
plate.    The  machine  is  built  by  E.  Becker,  Berlin. 
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3.  Plate-falcra. 

501.  The  heavy  stress  put  upon  the  knife-edges  is  referred 
to  in  {4PJ) ;  they  are  easily  injured,  and  it  has  therefore  been 
suggested  repeatedly  to  abolish  them  altogether.  Emery's 
method  is  the  particular  design  to  be  examined.  He  very 
skilfully  replaced  the  knife-edge  (before  1874)  by  a  plate- 
fulcrum,  which  had  already  been  used  before  him  in  Germany* 
in  fine  physical  balances,  but  had  been  again  abandoned. 

502.  The  details  of  Emery's  design  of  scale-levers  are 
shown  in  Figs.  352-354.  Figs.  352  and  353  show  a  few  exam- 
ples of  beam-connections  under  tension.  Fig.  354  shows  the 
**  head  '*  of  a  platform-scale  in  which  the  plate-fulcra  are 
some  in  tension  and  some  in  crushing.  In  this  case  the 
unsupported  parts  of  plates  4  and  6  are  very  short  and 
clamped  in  stiffening-blocks,  so  that  all  bending  is  con- 
fined  to  a  very  small  part.  The  load  to  be  weighed  is 
transmitted  by  the  column  3  resting  on  an  Emery  pres- 
sure-chamber (jSp)  by  means  of  fulcrum  4  to  the  real,  heavily 
built  lever  5,  the  end  of  which  carries  disks  at  1 1,  representing 
larger  loads  than  those  marked  on  beam.  This  series  of  weights 
is  consecutively  deposited  on  brackets  on  10,  by  raising  and 
lowering  the  weight-frame  or  basket  1-3.  The  indicator  8 
supported  at  7,  Fig.  354,  shows  the  play  of  levers  on  a  largely 
magnified  scale  on  the  reading-scale  9,  so  that  the  motion  of 
lever  5  need  be  only  minute.  The  sensitiveness  of  the  scale 
may  be  regulated  by  weight  12.  13-16  are  sliding  poises,  of 
which  14  and  16  are  used  to  balance  the  beams.  Spring  17 
counteracts  the  weight  of  column  3,  which  is  guided  in  recti- 
linear motion  on  top  and  bottom  by  Emery's  system  of 
plate-connectors.      Latterly    Wm.     Sellers    &    Co.    are 

*  I  found  that  Avery  (Birmingham,  England)  as  early  as  1852,  and 
a  mechanic  in  Vienna,  F  e  r  b  e  r,  in  1847,  had  used  plate-fulcra  in  scales, 
but  in  both  cases  failure  resulted  from  lack  of  knowledge  of  principles 
and  mechanical  skill. — G.  C.  Hg. 
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using    somewhat    modified    types,    details   of    which,    unfor- 
tunately, are  unknown  to  me.* 

503.  The  use  of  plate-fulcra  in  the  construction  of  a 
weighing-machine  for  a  testing-machine  has  the  undoubted 
advantage  that  provision  against  lateral 
displacement  of  joints  can  be  made  in  a 
simple,  reliable  manner  {488^  and  that  shock  at 
instant  of  rupture  has  little  influence  on  the  condition  of  the 
scale.  But  I  believe  that  even  these  advantages  will  not  effect 
the  general  introduction  of  plate-fulcra  in  testing-machines. 
On  the  other  hand,  I  have  the  conviction  that  the  Emery 
"supports"  (pressure-chambers)  [and  those  of  other  con- 
structors] {s54-s6j)  will  be  introduced  more  and  more  gener- 
ally, as  soon  as  simple  and  reliable  means  for  calibrating  test- 
ing-machines are  available  (50^). 

504.  I  expressed  my  views  on  the  importance  of  plate- 
fulcrum  connections  for  scale  construction,  and  especially  for 
that  of  testing-machines,  in  an  unpublished  report  of  a  pro- 
fessional visit  to  the  United  States,  and  in  my  description  of 
the  Sellers  type  of  E  me ry  machines  (Z  ^7/).  From  the 
latter  I  take  the  following  extracts : 

Some  time  ago  the  Emery  system  of  plate-fulcra,  as  a  sub- 
stitute for  knife-edges,  received  an  enthusiastic  laudation  by 
Reuleaux  (Z 216).  Even  at  that  time  I  had  my  doubts  about  the 
vaunted  superiority  of  the  plate-fulcrum,  and  have  to  this  day  been 
unable  to  dismiss  my  doubts,  although  I  have  now  had  occasion  to 
make  my  own  observations  on  numerous  machines  in  the  United 
States.  However,  not  to  mislead  the  reader  by  subsequent  state- 
ments, I  wish  to  premise  that  my  doubts  are  still  of  a  subjective 
character,  because  a  measuring-apparatus  or  testing-machine  can  be 
reliably  criticised  only  by  one  who  has  had  opportunity  to  use 
them  personally,  to  determine  the  degree  of  their  errors,  or  by  him 
to  whom  sufficiently  exhaustive  series  of  tests,  the  reliability  of 
which  can  be  proven,  are  accessible.  These  opportunities  I  have 
not  had. 

The  excessive  sensitiveness  of  the  Emery  scale,  and  the  ne- 
cessity of  housing  it  in  a  separate  case,  awkward  for  a  testing-ma- 

*Wm.  Sellers  &  Co.  do  not  construct  any  scales  whatever;  they  confine 
their  work  to  horizontal  testing-machines. — G.  C.  Hg. 
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chine,  Fig.  356,  make  it  necessary  for  the  observer  to  bestow  his 
undivided  attention  on  it.  As  the  scale  does  not  approach  equilibrium 
steadily  and  quietly,  it  requires  constant  attention  ;  as  long  as  the 
press  is  moving,  the  operator  cannot  for  an  instant  neglect  the 
levers  used  for  depositing  poise-weights;  he  is  confined  to  the  scale 
case.  He  has  no  time  for  observing  the  test-piece,  besides  that  his 
point  of  observation,  especially  in  case  of  horizontal  machines,  is 
always  inconveniently  located.  The  machine  is  provided  (62j-6jjy 
PI.  18)  with  holders  which  exert  lateral  pressure  (serrated  wedges) 
and  allow  a  certain  amount  of  travel  during  the  test.  I  was  con- 
vinced by  actual  observation,  however,  that  these  holders  do  not 
always  hold  securely.  The  observer  confined  to  the  scale  cannot 
always  determine  by  behavior  of  the  scale  whether  this  is  the  case 
or  not,  and  cannot  see  it  in  horizontal  machines.  If  it  is  desirable 
to  work  with  certainty  and  to  watch  the  entire  test,  and  to  also 
make  observations  of  deformation,  it  will  be  necessary  to  have  two 
observers,  especially  in  horizontal  machines.  This  should  be 
avoided  in  testing  materials,  and  it  is  possible  to  do  so  if  the  hints 
given  below  are  observed  (see  jjp).  This  objection  here  made 
to  the  Emery  machine — not  to  be  forgotten — is  an  objection 
which  is  valid  for  many  other  types  of  machines,  as  well  as  the 
W  e  r  d  e  r   machine. 

But  the  Emery  machine  in  particular  could  easily  be  so  con- 
structed on  a  more  skilful  design  that  the  observer  might  have  the 
scale  directly  beside  himself  and  in  a  most  compact  form.  This 
design  is  not  a  matter  of  economy,  but  should  above  all  things  be 
preferred,  because  the  observer  should  always  be  in  a  position  to 
observe  all  occurrences  personally  and  to  take  the  responsibility  of 
all  detail  throughout  the  entire  test.  This  point  of  view  cannot  be 
neglected  in  future  designs  of  testing-machines,  if  any  claim  for  per- 
fection be  made.  This  seems  to  me  to  be  of  greater  practical  impor- 
tance than  excessive  sensibility,  or  of  an  unnecessarily  high  degree  of 
accuracy,  which  as  a  rule  exist  only  in  the  imagination.  If  we  were  to 
subject  our  machines,  in  regard  to  the  two  last  respects,  to  a  care- 
ful and  exhaustive,  although  very  difficult,  practical  examination,  and 
not  only  in  the  unloaded  but  also  in  the  loaded  condition,  we  should 
probably  arrive  at  highly  surprising  results,  and  find  that  in  most  of 
our  types  of  machines  their  degree  of  accuracy  does  not  amount  to 
as  much  as  we  sometimes  imagine  to  be  the  case.  I  fear  that  it  will 
be  found  by  such  an  investigation  that  the  Emery  machine  is  no 
exception  to  the  rule;  it  might,  however,  be  found  that  the  plate- 
fulcra  do  not  prove  their  great  superiority  over  knife-edges.  The 
use  of  plate-fulcra  for  physical  balances  was  tried  by  very  able 
persons  in  Germany  before  Emery,  but  was  again  dropped.  This 
appears  to  me  to  be  proof  that  it  was  learned  how  much  more  could 
be  achieved  by  knife-edges  and  how  much  more  certain  and  reliable 
they  are.  I  was  fortified  in  this  view  by  the  fact  that  although  I  saw 
a  great  many  Fairbanks  scales  and  other  types,  I  failed  to  notice 
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any  Emery  scales,  nor  did  I  see  laboratories  equipped  with  the 
Emery  type  of  analytical  balances.  Sellers  does  not  build 
Emery  scales,  and  I  did  not  receive  definite  answers  when  I  re- 
ferred to  my  observations.  Whether  I  have  overlooked  the  existenee 
of  Emery  scales,  or  whether  they  could  not  be  introduced  in  a 
manner  commensurate  with  the  pompous  advertisement  which  the 
system  received,  I  cannot  say.* 

My  observations  of  the  operation  of  the  scales  used  with  the 
Emery  machines,  and  of  one  of  his  large  gauges,  make  it  appear 
possible  to  me  that  the  excessive  sensitiveness  and  the  ceaseless  vi- 
brations are  caused  by  the  great  lever-ratios,  and  by  the  circum- 
stance that  the  resilience  of  the  many  plate-fulcra  make  themselves 
too  markedly  felt  at  the  instant  of  equilibrium.!  The  position  of 
the  ideal  bending-points  of  the  plate-fulcra  must  be  affected  by  the 
position  of  the  levers;  the  bending-points  of  the  fulcra  of  each  lever 
do  not  lie  in  one  plane.  Without  an  exhaustive  study  it  is  difficult 
to  determine  to  what  extent  this  produces  errors  of  weighing.  The 
levers  would  hardly  have  been  made  so  massive  without  good  reason, 
for  the  inertia  is  always  noticeable,  even  when  the  motion  is  very 
slight.  Hence  the  question  arises,  to  what  degree  the  masses,  the 
elastic  deformations  of  levers,  of  the  movable  connections,  and  also 
of  the  fulcra,  act  upon  the  accuracy  and  sensitiveness,  as  is  known 
to  be  the  case  in  our  ordinary  beam-scales. 

It  is  self-evident  that  elastic  deformations  and  thermal  changes 
are  not  without  effect  on  the  Emery  machine,  and  there- 
fore it  is  a  question  whether  the  gain  due  to  rigidity  of  beam  ob- 
tained by  increase  of  mass  is  not  more  than  counterbalanced  by  the 
greater  difficulty  of  thermal  adjustment  and  increased  load  of  the 
machine  frame. 


*  Prof.  Martens  failed  to  find  even  a  single  example  of  an  Emery 
grocer's  or  analytical  balance,  not  because  the  system  was  unsatisfactory, 
but  simply  and  solely  because  financial  reasons  prohibited  their  manufac- 
ture and  the  commercial  development  of  their  introduction. 

f  I  cannot  agree  with  Prof.  Martens  in  these  statements.  My  varied 
experience  with  the  weighing  scale  of  the  Emery  testing-machine  dem- 
onstrated that  these  vibrations  of  the  pointer  ceased  almost  instantly  when 
the  correct  balance  was  established.  In  fact,  in  no  machine  did  I  ever  notice 
such  immediate  quiescence  of  the  system,  and  it  was  always  the  failure  to 
properly  balance  the  load  which  caused  vibrations.  This  became  most 
noticeable  by  balancing  the  scale  under  a  steady  load  and  then  adding  to 
or  removing  small  loads  from  it;  the  pointer  would  assume  a  correspond- 
ing position  with  a  promptness  that  I  never  observed  in  any  other  machine, 
although  I  have  examined  several  for  this  very  quickness  of  response. 

Prof.  Martens'  statement  about  the  Emery  gauges  is  correct,  because 
these  are  not  balanced  by  weights  as  in  the  scale,  but  by  a  spiral  spring 
which  vibrates  considerably  before  coming  to  rest. — G.  C.  Hg. 
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My  prejudice — which  I  at  present  admit — against  the  superi- 
ority of  plate-fulcra  is  also  caused  by  the  fact  that  there  is  but  a 
single  method  of  determining  the  exact  lever-ratios  of  the  Emery 
scale,  actual  weighing,  which,  however,  is  also  the  ultimate  method 
in  knife-edge  scales.  The  measurement  of  lengths  seems  unreliable, 
because  it  is  not  known  to  what  extent  initial  stresses  in  the  plate- 
fulcra,  produced  by  their  forcible  insertion  in  the  grooves  in  the 
levers,  affect  the  position  of  the  ideal  axes  of  rotation.  As  far  as  I 
am  concerned  the  question  remains:  is  the  plate-fulcrum  balance  in 
fact  more  certain  and  perfect  than  that  having  knife-edges  ?  An 
exhaustive  investigation  can  alone  be  decisive;  and  it  is  desirable 
that  this  be  done  at  the  proper  place. 

The  reader  will  observe  that  my  criticism  of  the  Emery 
machine  is  essentially  directed  against  the  construction  of  the  scale. 
The  determination  of  ratios  of  hydraulic  chambers  and  the  scale  of 
the  Emery  machine  can  of  course  only  be  done  empirically  on  the 
finished  system  oC  chambers.  At  Sellers'  shops,  I  saw  an  admi- 
rable arrangement  for  this  purpose,  and  I  was  convinced  that  they 
work  in  a  most  conscientious  manner,  and  that  only  superlatively 
perfect  work  is  done  there.  But  it  must  not  be  forgotten  that  one 
is  very  largely  dependent  upon  the  original  calibration,  especially  in 
horizontal  machines  (which  alone  Sellers  builds);  for  the  auxiliary 
means  for  calibrating  completed  testing-machines  are  at  the  present 
day  still  very  awkward  and  incomplete.  Great  honor  would  be  due 
to  him  who  would  devise  a  simple'  reliable  apparatus  for  rapid  cali- 
bration of  testing-machines  under  full  loads. 

505.  The  action  of  knife-edges  during 
transmission  of  force  may  be  considered,  as 
Schwedler  casually  remarked,  "  as  floating  **  af  the  material 
of  the  knife-edge  on  the  material  of  the  seat.  The  two  bodies 
will  undergo  elastic  deformations  until  they  have  sunk  into 
each  other  sufficiently  to  produce  equilibrium.  The  knife-edge 
must  be  regarded  as  a  perfect  cylinder  of  very  small  diameter 
and  the  seat  as  one  of  very  large  diameter.  Load  always  pro- 
duces surface-contact,  and  this  may,  if  desirable,  be  regarded 
as  a  transition  into  the  condition  of  the  plate-fulcrum.  For 
the  elastic  knife-edge  rolls  on  the  equally  elastic  seat  when  the 
lever  oscillates,  and  a  shifting  of  the  line  of  contact  must  take 
place,  although  it  be  very  minute.  We  are  dealing  to  a  certain 
extent  with  a  very  short  and  very  thin  plate-fulcrum  having  a 
width  equal  to  the  effective  length  of  the  knife-edge. 


I 
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506.  Therefore,  as  slight  indentation  and  change  of  surfaces 
of  contact  always  exist  in  actual  knife-edges,  the  question  was 
asked  by  several  constructors  whether  it  would  not  be  proper, 
in  case  of  levers  with  very  slight  motion,  to  use  knife- 
edges  with  measurable  rounding  in  place  of 
the  minute  flattening  of  the  edge.  Accord- 
ingly, P  f  a  f  f  (PI.  13,  Figs  15-17)  designed  the  main  knife-edges 
with  cylindrical  surfaces.  I  cannot  state  from  personal  ex- 
perience whether  this  produces  any  material  practical  diminu- 
tion of  the  accuracy  and  sensitiveness  of  the  testing-machine, 
as  I  have  not  had  occasion  to  examine  such  a  machine.  The 
use  of  cylindrical  knife-edges  certainly  has  the  advantage  of 
reducing  their  unit  stress  very  materially,  hence  also  of  effec- 
tively diminishing  permanent  deformation  and  wear;  under 
heavy  loads  the  knife-edges  may  be  made  shorter,  hence  more 
resistant  against  bending-stress. 

When  considering  all  of  these  conditions,  it  must  be  borne 
in  mind  that  it  is  amply  sufficient  if  testing- 
machines  havea  reliable  accuracy  of  1^  for  indicating  loads. 

Greater  accuracy  is  difficult  to  attain,  and  also  unnecessary, 
because  materials  themselves  possess  a  considerably  greater 
degree  of  variability  {L  102^  128). 

4.    Lever-scale  with  loose  weights* 

507.  The  lever-scale  with  1  o  o  s  e  w  ei  gh  t  s,  and 
scale-pan  in  simplest  form  is  found  in  but  few  machines, 
e.g.  the  W  e  r  d  e  r  machine,  PI.  3,  Figs.  1-3.  This  arrangement 
generally  requires  an  assistant  additionally  to  the  observer,  who 
in  the  Wer  d  e  r  machine  also  operates  the  valves  and  pumps. 
Testing-machines  should,  however,  be  so  designed  that  the 
observer  can  operate  the  machine  singly  during  tests,  besides 
making  all  observations,  assuming  the  entire  responsibility 
therefor. 

508.  Lever-scales  having  levers  of  constant 
length   and   weights   deposited  mechanically 
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are  used  by  Emery  (J02),  Fig.  355;  Gollner,  PL  13, 
Figs.  1  and  3,  Nos.  47-56;  Martens,  PI.  5,  Figs,  i  and  3-5, 
Nos.  27-61,  and  PI.  13,  Figs.  18-31.  In  large  machines  of  the 
last  two  types  the  weights  are  deposited  by  screw  and  hand- 
wheel;  in  my  small  5-ton  machine,  PI.  13,  Figs.  23  and  24,  by 
levers  33  and  34  and  the  angle-levers  21,  which  lower  the  sup- 
ports for  weights  18  or  25,  thus  depositing  weight  after 
weight.  The  number  of  weights  deposited  may  be  read  on 
the  ratchet-arcs  35,  adjacent  to  the  pawls  of  levers  33  and  34, 
so  that  the  observer  may  read  the  load  directly  without  leav- 
ing his  place.  Lever  33  operates  the  large  weights  for  i-ton 
(looo-kg)  increments,  and  lever  34  the  small  weights  25  for  55- 
Ib.  (25-kg)  increments.  In  my  50-ton  (50,000-kg)  machine, 
PI.  5,  the  large  and  small  weights  are  placed  above  each  other. 
The  small  series  of  weights  is  deposited  or  removed  by  hand- 
wheel  38,  Fig.  I,  while  the  series  of  large  weights  are  moved 
by  the  worm-gearing  43,  Fig.  5.  The  small  disks  30  are  for  i-ton 
(lOOO-kg)  and  the  large  disks  31  for  lo-ton  (io,oookg)  incre- 
ments. Gollner  also  uses  a  similar  loading  device  for  a 
series  of  weights,  PL  13,  Figs,  i  and  3,  but  on  a  different 
principle.  While  Emery  and  Martens  use  series  of  equal 
weights,  Gollner  uses  four  unequal  weights,  47-50,  Fig.  i,  so 
that  by  means  of  a  proper  combination  of  these  and  a  num- 
ber of  small  weights  not  shown  in  the  drawing  and  a  sliding 
poise  any  desired  load  from  oto  45,000  lbs.  (20,000  kg)  may  be 
balanced  to  i.i  lbs.  (0.5  kg).  [These  small  increments  can 
have  but  little  practical  value  when  it  is  considered  that  errors 
of  iji  must  be  admissible  in  tests {so6)].  G  o  1 1  n  e  r *  s  arrange- 
ment of  weights  requires  the  additional  use  of  hands  for  de- 
positing small  weights,  because  wedges  must  be  inserted  by 
hand  in  the  central  suspension-rod  46.  These  wedges  catch  the 
weights  which  are  to  be  used ;  thus  the  use  of  the  four  weights 
47-50  can  be  varied  at  will  in  any  desired  combination. 

509.  Among  scales  of  constant  length  of  lever  must  be 
mentioned  that  of  F.  Michaelis,  Fig.  357,  a  type  of  ma- 
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chine  having  a  shot-feed.  This  machine  is  used  nnostly 
for  tension-tests  of  cement  and  mortar  briquettes ;  it  has  been 
adopted  as  the  standard  cement-tester  in  Prussia,  and  has  alsa 
been  very  largely  introduced  outside  of  Germany.  In  this 
type  the  weights  are  all  minute  and  uniform,  equal  to  the  total 
weight  of  all  the  grains  of  shot  deposited.  If  water  be  used^ 
Fig.  358,  instead  of  shot,  a  uniform  increment  of  load  is  ob- 
tained {L  25^\   . 

a.  Because  of  the  importance  of  the  M  i  c  h  ae  1  i s  machine 
in  cement-testing,  and  as  an  example  of  various  points  which 
must  be  considered  in  testing  materials,  I  shall  here  describe 
this  apparatus  more  fully ;  its  principle  is  shown  in  Fig.  357. 
The  functions  of  the  loading  mechanism  are 
assumed  by  the  scale;  although  a  hand-wheel  h  with 
screw  is  provided,  this  is  only  used  for  initial  adjustment* 
The  scale  has  a  leverage  of  ^  and  is  designed  for  1 100  lbs, 
(500  kg).  The  load  /  is  a  lot  of  lead  shot,  which  flows  from 
the  vessel  5"  by  a  spout  the  orifice  of  which  can  be  so  adjusted 
that  a  definite  quantity,  about  0.22  lbs.  (100  gr)  can  pass  per 
second.  When  the  test-piece  is  ruptured,  the  bucket  /  drops 
and  strikes  the  locking-lever  N^  which  arrests  any  further  flow 
of  shot.  The  weight  of  the  bucket  and  shot  is  then  hung  from 
the  eye  o  and  weighed  by  the  lever  H^  and  some  small  weights 
placed  on  the  pan. 

In  spite  of  this  construction,  which  must  seem  at  least  awk- 
ward to  the  engineer  and  mechanic,  and  in  spite  of  the  awk- 
ward manipulation,  the  M  i  c  h  a  e  1  i  s  machine  has  been  very 
largely  used.  This  is  certainly  due  to  the  ready  comprehensi- 
bility  and  accessibility  of  the  individual  parts,  ease  with  which 
it  can  be  checked,  and  also  as  a  cause  of  the  shape  of  test- 
piece  used  and  the  good  holders.  But  the  fact  that  it  was 
adopted  as  the  official  apparatus  in  Prussia  probably  assisted 
in  its  general  introduction.  It  is  remarkable  how  many  imi- 
tations and  improvements  were  made  of  this  apparatus.  Special 
attempts  were  made  to  improve  the  shot-feed,  whose  de- 
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fects  and  inconvenience  were  apparent  to  all,  by  substituting 
water:  compare  Reid's  apparatus  (Z  ^7,  1878),  Fig.  358. 
Generally  the  quantity  of  water  was  indicated  on  a  gauge-glass 
conveniently  expressed  as  tenacity  in  lbs.  per  sq.  in.  (kg/sq.  cm). 
How  much  safer  and  simpler  would  the  pendulum-balance  be 
for  this  purpose ! 

b.  The  scale  has  been  calibrated  by  the  Charlotten- 
burg  Testing  Laboratory,  by  direct  loading  up  to 
its  capacity  (500  kg),  as  to  accuracy  and  sensitive- 
ness, and  was  also  tested  for  deformation  of  details, 
and  stood  the  test  satisfactorily  {L  /,  1896,  p.  177).  It  was 
found  that  the  lever-ratio  of  the  apparatus  tested  changed  but 
very  slightly ;  it  was  found  to  be  an  average  of  49.93  instead 

of  5a 

An  addition  of  .002  lbs.  (i  gr)  deflects  the  beam  \  in. 
(12  mm)  from  the  horizontal,  while  0.2  lbs.  (10  gr)  depresses 
it  2  in.  (50  mm)  as  the  deflection  may  amount  to  about  1.2  in 
(30  mm)  at  instant  of  rupture,  the  load  for  this  reason  is 
noted  as  7.5  =  0.77  lbs.  (350  gr)  less  than  the  correct  amount ; 
i.e.,  the  tenacity  of  the  standard  briquette  of  section  a  =  .077  sq. 

in.  would  be  too  low  by  Sm  =  — — z  =  i  lb.  (-"i—  =  o.07at.). 

Hence  the  error  in  tenacity,  taking  the  standard  of  28-day 
briquettes  at  227.5  ^^*  P^^  sq.  in.  would  be  —  0.44^^. 

c.  The  speed  at  which  the  shot  falls  into  the  bucket  is  also 
of  material  importance ;  for  this  reason  the  Prussian  standards 
prescribe  .22  lbs.  (100  gr)  per  second.  The  orifice  is  to  be 
regulated  accordingly.  The  size  of  shot  and  the  condition  of 
surface  also  exert  an  influence  upon  flow  of  shot.  In  course 
of  time  this  changes  for  the  same  orifice,  because  the  surface  of 
the  shot  is  affected  not  only  by  the  air,  but  also  by  accidental 
jamming  between  orifice-slide  and  the  trough.  This  may  pro- 
duce more  or  less  interruption  to  flow.  The  following  results 
of  tests  show  the  great  effect  which  these  conditions  may 
exert. 
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d.  Tests  of  the  flow  made  with  the  same  apparatus  gave 
the  following  results  (h  =  height  of  rise  of  slide  for  opening 
trough  ;  /  =  weight  of  shot  in  oz.  discharged  per  second); 

1.  Shot  0.1209  in.  (3.1  mm)  diam. 

a)  old,  frequently  used  : 

h  =  0.433  ;  0.468  ;  0.581  in. 

/  =      3.1  ;     4,31 ;     8.38  oz./sec. 
V)  new.* 

h  =  0.405  ;  0.433  \  0.468  ;  0.581  in. 

/  =    4.93  ;     6.19  ;     7.99 ;  14.43  oz./sec. 

2.  Shot  0.058  in.— 0.097  in.   (1.5 — 2.5  mm)  diam. 

h  =  0.378;  0.405  ;  0.433 ;  0.468 

p=     3.03;     4.24;     5.20 ;  6.49  oz./sec. 

Frequent  interruptions  to  flow  occurred  in  i  a);  when  A  = 
0.433  ^"«  flow  often  ceased  after  8-9  sec;  the  shot  flowed 
smoothly  in  i  d).  This  shows  how  carefully  the  apparatus 
must  be  handled  if  unobjectionable  results  are  to  be  ob- 
tained. 

e.  A  certain  time  elapses  between  instant  of  rupture  and 
cessation  of  flow  of  shot.  The  result  will  be  too  great  by  the 
amount  of  shot  which  flows  after  the  instant  of  rupture.  The 
drop  of  the  bucket  is  about  2  in. ;  hence  the  time  elapsing  be- 

fore  the  orifice  is  closed  will  be  /=  4/ =01    sec      Under 

normal  flow  the  quantity  which  runs  out  in  ^  sec.  is  therefore 
about  .02  lbs.  (10  gr),  or  about  i.i  lbs.  load  on  the  briquete. 
The  tenacity  would  hence  be  too  great  by  about  1.4  lbs.  per 
sq,  in. ;  this  would  be  0.5  ^  in  excess  of  the  28-day  standard  of 
tenacity.  The  effect  of  the  impact  of  the  shot  on  the  bucket 
is,  however,  indeterminate. 

/.  The  shape  and  suspension  of  the  holders  for  the  ten- 
sion-briquette is  shown  in  Fig.  359.  The  stirrup  is 
supported  on  a  pivot  and  therefore  adjusts  itself  readily.     The 
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gripping  surfaces  of  the  stirrups  should  be  slightly  rounded  as 
shown  in  sections  a-b^  in  order  that  the  briquette  beheld  at  four 
points  which  are  as  near  as  possible  to  its  centre  plane. 
Oblique  gripping,  and  production  of  bending-stress  in  the  ma- 
terial, are  nevertheless  not  excluded.  In  order  to  determine 
the  possible  error  practically,  several  series  of  tests  were  made, 
with  intentionally  exaggerated  oblique  grips  ;  the  mean  error 
in  each  case  was  : 

a  b  c 

321.5  (22.6  at.)  328.5  (23.1  at.)    334.2  (23.5  at.)  lbs.  per  sq.  in. 

An  essential  error  was  not  proven,  which  is  particularly 
shown  by  the  values  given  in  the  original  report ;  the  limits  of 
errors  of  test  are  too  large  in  themselves. 

510.  Buoyancy  of  water  (hydrostatic  balance)  has 
also  been  used  in  the  design  of  a  scale  with  constant  lever-arm 
and  uniform  increase  of  load  ;  see  P  e  t  i  t's  machine  (Z  102^ 
1888,  p.  41,  Fig.  28;  L  39,  1885,  P-  646),  PI.  15,  Fig.  25.  The 
monstrosities  thus  produced  are  readily  shown  by  the  dimen- 
sions of  the  float,  which  is  about  59  in.  diam.  by  54J  in.  (1.25 
X  1.38  m).  It  is  to  be  noted  that  thermal  expansion  of  water 
and  of  the  vessels  must  affect  the  load  for  f  in.  rise  of  scale. 
The  other  details  of  the  machine  are  shown  by  the  drawing. 

5.  Sliding-poise  Scale. 

Poise-weight  and  Scale. 

511.'  The  sliding-poise  scale  is  very  largely  used  in  test- 
ing-machines. It  no  doubt  offers  some  advantages  and  is 
capable  of  further  improvement. 

In  the  simple  sliding-poise  scale,  the  poise  sliding  on  the 
beam,  or  on  a  special  bar  parallel  thereto,  is  either  moved  by 
hand  or  set  at  special  marks  or  notches,  which  correspond  to 
definite  multiples  of  the  weight.  The  poise-weight  and  beam- 
length  are  not  always  so  designed  that  the  entire  capac- 
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i  t  y  of  machine  can  be  followed  by  the  poise  to  the  end  of  the 
beam  ;  frequently  large  increments  of  load  are  balanced  by 
independent  weights  attached  to  the  end  of  the  beam, 
the  intermediate  loads  being  balanced  by  again  sliding 
the  poise  over  the  beam,  which  is  again  returned  to  o  for  each 
additional  weight  added. 

Sliding-poises  of  the  first  type  are  often  arranged  for  use  of 
several  weights,  so  that  either  a  lighter  or  heavier 
weight  is  used,  according  to  requirements.  The  distance 
travelled  by  the  poise  is  hence  increased  for  light  loads,  and 
small  moments  can  then  be  read  with  greater  certainty.  The 
same  scale  is  then  generally  used  with  weights  of  ratios 
I  :  ID  :  100  orof  I  :  2  :  5  :  20  :  50,  so  that  the  moments  can  easily 
be  read  on  the  same  figures  of  the  scale.  Frequently  two 
or  more  poises  of  different  weights  are  used  side  by  side, 
which  then  have  ratios  of  i  :  10  ;  I  :  ICXD  ;  or  i :  locx).  Then 
the  large  weight  is  advanced  notch  by  notch,  and  the  small 
weight  travels  over  the  length  of  beam,  to  indicate  the  inter- 
mediate moments. 

513.  The  use  of  large  poises  or  weights  may  be  con- 
sidered as  an  increase  of  scale,  i.e.,  an  increase  of  lever, 
which  is  equal  according  to  the  above  ratios  to  the  two-,  five-, 
or  ten-fold  length  of  the  actual  lever.  The  readings  will  be 
smaller  and  may  be  accurate  if  the  graduation  of  scale  is 
accurate,  when  the  lever-ratio  remains  constant  while  loading, 
and  if  the  sensitiveness  of  the  scale  suffices  for  the  fine  read- 
ings. In  view  of  the  apparent  exaggeration  of 
lever- ratios  in  some  testing-machines,  the 
question  should  be  asked  whether  such  ex- 
treme  lengthening  is  necessary  and  ser- 
viceable? I  believe  I  should  answer  this  question  nega- 
tively. 

As  we  must  be  convinced  that  irregularity  of  material 
hinders  us  in  general  to  determine  its  resistance  within  an  accu- 
racy of  ij^  (neglecting  very  exceptional  cases,  this  limit   in  the 
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greater  number  of  cases  not  even  being  reached  approxi- 
mately), and  knowing  that  it  is  exceedingly  difficult  to  insure  a 
degree  of  accuracy  of  testing-machines  materially  greater  than 
i^,  and  also  that  our  most  perfect  measuring  instruments  for 
determining  deformation  do  not  insure  greater  accuracy  than 
0.5^  ;  when  we,  as  practical  designers,  also  know  that  the 
average  values  used  as  bases  of  our  calculations  do  not  cor- 
rectly represent  the  true  properties  of  materials ;  when,  further- 
more, we  know  that  our  calculations  are  only  approximations, 
which  certainly  deviate  from  the  actual  truth  by  more  than  iji, 
what  is  the  sense  of  exaggerating  the 
accuracy  of  scale-readings?  Why  do  we  not 
remain  within  the  limits  of  practical  ne- 
cessity and  of  that  which  is  attainable  by 
simple  means? 

I  am  of  the  opinion  that  if  scale-levers  be  made  of  sufficient 
length  so  that  loads  producing  rupture  of  the  smallest 
test. pieces  for  which  the  particular  ma 
chine  may  reasonably  be  expected  to  be 
used  can  be  determined  within  i^,  this  should  suffice;  for 
just  as  absurd  as  it  would  be  to  measure  seconds  by  a  Black 
Forest  Clock  (wooden  mechanism),  just  so  absurd  would  it  be 
to  test  wire,  or  even  horsehair,  on  a  ioo,ooo-lb.  machine. 

With  a  limit  of  necessary  accuracy  of  1^  it  would  suffice 
if  the  beam  were  diyided  to  xiAnr  ^^  ^^^  capacity  of  the  ma- 
chine. If  the  divisions  be  sharply  cut  and  the  spaces  be  about 
0.04  in.  (i  mm)  or  more,  it  would  still  be  possible  to  estimate 
^  or  3^  of  the  divisions,  hence  yijV?r  ^^  lojoo  ^^  ^^^  maximum 
capacity,  or  10  lbs.  on  a  ioo,ooo.lb.  machine;  the  error  in- 
herent in  a  single  reading  need  not  be  assumed  to  exceed  ±  20 
lbs.  Most  likely  the  machine  will  be  far  less  accurate.  Sen- 
sitiveness sometimes  even  exceeds  this ;  my  50-ton  machine 
(PL  5),  for  instance,  when  unloaded,  indicates  i  lb.,  which  is 
hung  on  the  jaws.  If  the  scale  be  sufficiently  sensitive  it  will 
still  be  possible  to  measure  increments  of   about  2,200  lbs. 
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(1000  kg)  with  a  single  poise-weight  with  sufficient  accuracy 
for  measurements  of  precision,  for  the  mean  error  of  beam 
would  be  far  less  than  i^,  as  series  of  and  not  individual  values 
are  always  determined  in  such  case.  If  it  is  desirable  to 
balance  the  beam  with  still  greater  accuracy,  provided  its 
degree  of  sensitiveness  is  sufficient,  it  should 
be  so  arranged  that  a  second  lighter  poise  (-j^  of  the 
larger  poise)  can  be  used  when  it  is  desired  to 
make   measurements   of   precision. 

513.  I  should  here  like  to  revert  to  a  proposition  pre- 
viously made  {40).  By  skilful  design  of  the  poise  it  would 
be  easily  possible  to  adjust  it  in  every  case  proportional  to  the 
section  of  test-piece  a,  in  tension-test,  so  that  the  read- 
ings of  the  scale  would  indicate  directly 
stress  S  per  sq.  in.  of  the  test-piece.  A  few 
principal  poise-weights  would  be  provided  for  usual  sections, 
and  so  arranged  that  they  could  be  connected  with  the  actual 
sliding-poise,  so  that  shifting  of  centre  of  gravity  is  impossible 
For  larger  variations  from  standard  sections  due  to  errors  of 
workmanship,  and  which  are  not  negligible,  auxiliary  adjust- 
ing weights  would  be  required.  In  connection  with  such  an 
arrangement  deformation  of  the  bar  could  be  read  off  directly  in 
per  cent  of  original  length  in  accordance  with  the  directions 
stated  in  {40),  (ij/),  or  recorded  by  the  machine,  and  results 
of  tests  thus  obtained  which  would  be. di- 
rectly comparable  with  each  other,  or 
would  coincide  if  the  material  be  iden- 
tical. The  great  advantages  to  be  obtained  thereby  are 
explained  in  {40) ;  they  shall  not  be  here  repeated,  but  it  will 
merely  be  pointed  out  in  how  many  ways  the  desired  end  may 
be  attained. 

514.  As  well  as  using  a  constant  scale  with  a  poise 
of  variable  value,  a  constant  weight  and  fixed  lever- 
age can  be  used  with  scales  varying  in  propor- 
tion to  the   cross-sectional  area,  so  that  the  corre- 
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sponding  stress  may  be  read  oflF  on  the  proper  scale.  It  is  not 
necessary  to  cut  a  number  of  scales  on  the  beam  for  this  pur- 
pose. Aproportional  scale  with  dividing  lines  radiating 
from  one  point  may  be  attached  to  the  beam.  This  rule  would 
then  answer  for  all  scales  applicable  to  any  value  of  sectional 
area  lying  between  a  certain  minimum  and  maximum,  and  but 
a  single  indicator  on  the  poise  would  suffice,  which,  as  shown 
in  Fig.  361,  would  at  every  instant  indicate  the  stress  for  any 

particular  section.  The  indicator  would  of  course  be  so  ar- 
ranged that  it  could  be  made  to  run  accurately  on  any  line  rep- 
resenting a  definite  section.  If  the  expedient  be  used  of 
employing  several  poise-weights,  the  proportional  scale  would 
not  be  a  very  formidable  affair.  The  proportional  scales 
might  also  be  mounted  on  metal  strips,  interchangeable 
on  the  beam.  They  could  also  be  wrapped  around  a 
cylindrical  drum,  so  that  the  line  corresponding  to  a 
definite  section  may  be  revolved  directly  under  the  pointer  of 
the  poise  by  turning  the  cylinder.  These  scales  could  also  be 
mounted  on  the  frame  of  the  machine  parallel  to  the  beam  if 
the  poise-weight  were  suitably  designed. 

Motion  of  the  Poise. 

515*  The  most  various  devices  for  moving  the  poise 
are  in  use,  and  hence  I  shall  describe  only  typical  designs. 
Adjustment  by  hand  in  its  simplest  form  has  already 
been  described.  This  motion  is  frequently  transmitted  by  a 
special  device  operated  by  hand,  by  a  string  or  screw  to 
the  poise-weight,  by  which  it  is  attempted  to  keep  the  beam 
floating  constantly.  The  string  or  screw  drive  must 
of  course  be  so  designed  that  the  force  applied 
to  move  the  poise  will  not  produce  a  moment 
acting  upon  the  beam.  The  direction  of  force  and  of 
resistance  must  pass  always  through  the  knife-edge. 

516.  The  string  drive  of  the  poise-weight  is  used  in 
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the  DelaloS  machine,  PL  15,  Figs.  19  and  20  {L  38,  1887,  p. 
273;  L  34,  1891,  p.  25),  and  in  the  Greenwood  &  Bat- 
1  e  jr  machines,  PL  17,  Figs.  1-6. 

517.  In  the  Mohr  &  Federhaff  machine,  PL  6, 
Fig.  I,  the  screw  26,  supported  at  both  ends  on  the  beam, 
is  driven  by  a  parallel  shaft  mounted  on  the  frame,  and  a  set 
of  gearing  which  makes  contact  in  the  prolongation  of  the  sup- 
porting knife-edge  of  the  poise-lever.  The  torsional  moment 
of  the  gearing  acts  normally  to  the  plane  of  oscillation  of  the 
lever,  so  that  the  very  slight  friction  between  teeth  alone  may 
exert  very  little  effect  upon  the  sensitiveness  of  the  scale.  The 
driving-spindle  can  be  operated  by  hand-wheel  at  either  end. 

618.  The  Grafenstaden  machine,  PL  8,  Figs.  1,2, 
and  30,  is  provided  with  a  similar  arrangement.  The  worm- 
wheel  40  drives  the  screw  8  which  operates  the  poise-weight  9. 
The  lever-scale  reads  to  40  tons  (40,000  kg);  if  the  machine  is 
to  be  used  up  to  50  tons,  the  auxiliary  weight  corresponding  to 
10  tons  is  attached,  and  its  value  added  to  the  readings.  The 
worm-wheel  40  and  worm  8  make  like  revolutions  to  those  of 
driving-shaft  39  with  hand-wheel  37.  The  scale-beam  has 
divisions  of  500  kgs.  One  revolution  of  the  hand-wheel  37 
moves  the  poise  one  division,  and  as  the  hand-wheel  is 
divided  into  50  parts,  each  division  represents  10  kgs.  The 
revolutions  of  this  wheel  are  indicated  by  a  graduated  disk  re- 
volving horizontally,  divided  into  500  kgs;  the  position  of  the 
poise  on  the  beam  can  be  read  on  it. 

518a.  L.  P  a  u  p  i  e  r,  Paris  {L  183,  p.  12,  PL  I,  Fig.  27), 
builds  cement  testing-machines  operated  by  the  travelling  poise- 
beam.  These  machines  are  designed  for  tension-  and  crushing- 
tests  up  to  4400  lbs.  (2000  kg). 

519.  In  the  Wicksteed  machine,  PL  16,  the  heavy 
poise  is  carried  by  wheels  rolling  on  rails  on  lever  13,  and  is 
driven  either  by  hand  and  hand-wheel  17  or  by  belt  drive  23. 
Forward  and  backward  motion  is  controlled  by  handle-bar  41. 
Motion  is  produced  by  gearing  16  driving  the  screw  15.     In 
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the  latest  type  of  Wicksteed  machine  the  poise  is  driven 
by  an  hydraulic  press  {L  2jf). 

5!S0.  The  travelling  poise  of  the  Martens  torsion  ma- 
chine.  Fig.  350,  takes  the  shape  of  a  roller  7,  which  revolves  on 
centres  in  the  counterbalanced  fork  of  a  carriage  which  moves 
on  guide-rails  and  is  driven  by  a  screw.  The  position  of  the 
carriage  and  hence  of  the  roller  are  read  oil  on  a  scale  and 
hand-wheel  (524). 

521.  The  Wicksteed  machine  has  already  been  men- 
tioned (j'/p)  as  an  example  of  a  mechanically  driven  poise.  In 
this  machine  the  operator  must  also,  however,  regulate  the 
speed  of  poise  in  such  manner  that  the  beam  remains  continu- 
ously floating  in  equilibrium  as  nearly  as  possible.  In  other 
machines  the  design  is  such  that  t  h  e  machine  itself  con- 
trols the  speed.  This  auto-regulation  may  be  provided  in 
several  ways.  Generally  the  loads  are  applied  at  a  uniform 
rate,  and  then  varying  the  moment  of  the  load,  indicator  in 
such  manner  that  the  beam  remains  almost  constantly  at  o. 
The  reverse  method  can,  however,  be  adapted  by  increasing 
the  moment  of  the  load-indicator  at  a  uniform  rate,  and  then 
regulating  the  application  of  load  in  such  manner  that  the 
beam  remains  floating  ato.  The  motion  of  the  beam 
is  generally  u  sed  to  regulate  that  ofthedriving 
mechanism  in  the  first  case. 

522.  During  my  visit  to  the  United  States  (1893)  I  saw 
an  arrangement  *  in  which  the  poise-weight  was  operated  by 
simple  mechanical  means,  controlled  by  the  beam.  I  show  the 
scheme  of  this  machine,  from  memory,  in  Fig.  362,  as  I  unfor- 
tunately lost  a  part  of  my  notes  while  travelling.  The  device 
had  been  added  to  an  old  machine.  The  poise  /  was 
moved  on  the  beam  by  a  weight  S  driving  the  mechan- 
ism I.  The  nose  2  on  the  beam  arrested  the  motion  of 
mechanism  I  when  descending ;  hence  it  would  operate  only 

*  The  C.  H.  Morgan,  Worcester,  Mass.,  machine   is   of   this  tjpe.— 
G.  C.  Hg. 
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under  increase  of  load.  A  roller  3  is  shown  on  the  poise,  car- 
rying a  driving-connector,  attached  at  4  to  the  frame  of  the  ma- 
chine. The  construction  was  actually  much  simpler;  I  desire, 
however,  to  call  attention  to  the  fact  that  the  direction  of 
moving  force  must  pass  through  the  main  fulcrum,  and,  above 
all,  to  produce  an  intermediate  type,  leading  to  that  shown  in 
Fig.  363,  which  shows  how  this  simple  device  may  be  designed 
to  drive  the  poise  forward  and  back.  Two  driving-ratchets,  i 
and  4,  operated  by  weights  5  and  7,  shown  in  Fig.  263,  are 
provided,  which  are  alternately  released  by  pawls  2  at  end  of 
beam  when  the  latter  oscillates.  4  controls  the  return,  and  i 
the  advance  of  the  poise.  Weight  6  merely  tightens  the 
string.* 

523.  The  principle  just  described  is  actually  also  that  un- 
derlying the  diagramming  apparatus  which  I  constructed  for 
my  50,000kg  (50-ton)  machine,  although  the  moving  poise  of 
the  scale  is  replaced  by  a  rising  and  falling  m  e  r  c  u  r  y-c  h  a  m- 
ber  of  a  gauge.  The  principle  may  also  be  used  for  the 
operation  of  a  beam-scale  in  the  form  adopted  by  me.  My 
apparatus  is  fully  described  in  {L  162),  in  which  I  have  pub- 
lished the  numerous  results  of  tests  obtained  therewith  when 
attempting  to  produce  very  great  multiplying  ratios.  Because 
this  example  is  particularly  instructive,  I  have  described  it  in 
(5<5j),  although  it  is  only  of  secondary  importance  in  testing 
materials ;  I  therefore  limit  myself  at  this  time  to  the  state- 
ment that  it  consists  of  duplicate  electrically  controlled  oper- 
ating devices,  which  carry  the  mercury-chamber  (poise)  sus- 
pended from  a  loose  pulley.  The  left-hand  device  is  driven  by 
a  heavy  weight  and  raises  the  chamber,  while  that  at  the 
right  hand  is  operated  by  the  descending  chamber  and  a 
smaller  weight.  The  operation  of  one  or  other  of  these 
devices  is  interrupted  by  an  electric  current,  which  is  controlled, 
independently  of  the  force  transmitted  to  the  test-piece,  by  an 

*  In  the  Morgan  machine  weight  6  is  replaced  by  a  spring  within  3. — 
G.  C.  Hg. 
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electric  contact,  in  such  manner  that  the  apparatus  invariably 
oscillates  with  minute  play  about  the  position  of  equilibrium 
of  the  straining  device.  The  mercury-chamber  thus  follows 
the  load  on  the  test-piece  accurately,  and  its  position  is  a 
measure  of  this  force. 

524.  The  apparatus  might  also  have  been  controlled  by 
water  instead  of  electricity,  as  in  the  previous  case. 

I  took  advantage  of  the  Berlin  Accident  Prevention  Exhi- 
bition to  illustrate  this  principle  on  a  small  looo-lb.  machine, 
which  was  built  to  my  plans  in  the  Laboratory  shops  and 
which  was  a  laboratory  exhibit.  It  is  shown  in  Fig.  364, 
1/12.5  nat.  size. 

It  is  driven  by  city  water  acting  on  the  packed  plunger  3, 
which  moves  in  either  direction  controlled  by  cock  22.  The 
poise  is  carried  by  a  carriage  9  on  centres  in  a  fork  oscillating 
about  the  middle  fulcrum,  so  that  the  weight  of  the  large 
roller  almost  alone  bears  on  the  lever.  The  carriage  runs  on 
the  lateral  rails  8  ;  it  is  driven  by  a  clock-spring  10,  attached  to 
the  post  1 1  fixed  to  the  carriage.  The  beam  7  can  oscillate 
.  but  slightly  between  adjustable  screws  23.  This  play  is  trans- 
mitted to  rod  18,  which  operates  a  balanced  slide-valve  in  the 
chamber  19.  The  passages  in  chamber  19  are  milled,  as 
shown  in  Fig.  364,  Very  sharp  closing  is  thus  secured,  and 
a  slight  play  of  j^  inch  (a  few  tenths  of  a  millimeter) 
suffice  for  reversing.  This  connects  the  upper  and  lower 
parts  of  cylinder  20  alternately  with  the  pressure  and  with  the 
exhaust-pipe.  Thereby  the  clock-spring  12  attached  to  connect- 
ing-rod 21  is  moved  forward  and  back,  which  sets  13  in  motion. 
The  latter  must  follow  the  motion  of  the  re  versing- valve,  i.e. 
of  the  beam  7,  and  thus  the  poise  is  kept  moving  by  the  clock- 
spring  10  attached  to  13,  keeping  the  beam  floating  about  the 
position  of  equilibrium.  The  position  of  equilibrium  is,  how- 
ever, dependent  upon  the  stress  in  the  test-piece.  The.  recip- 
rocating motion  of  the  mechanism  is  transmitted  by  a  rack  to 
the  plate  14  rolling  on  the  guide  15.     The  pencil  also  records 
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elongations  of  the  test-piece,  being  coupled  to  the  lower  jaws 
5  by  means  of  the  rod  16  and  clamp  17. 

5S5.  The  driving  mechanism  of  the  Olsen  machine, 
PI.  20,  and  the  operation  of  the  poise  are  shown  by  Fig. 
365.  I  shall  here  describe  the  entire  mechanism,  which 
is  used  slightly  modified,  in  all  Olsen  machines.  Comparison 
of  Fl.  20  with  Fig.  365  will  facilitate  the  comprehension 
thereof. 

In  the  Olsen  machine  the  poise  is  operated  by  the  driv- 
ing mechanism  by  means  of  a  wrapping  connector  operating  a 
screw ;  the  direction  of  motion  is  controlled  automatically  by 
the  oscillations  of  the  beam  acting  upon  an  electric  controller. 
The  main  driving-spindle  operates  the  wrapping  connector,  and 
is  itself  revolved  in  either  direction  by  an  open  and  a  crossed 
belt  and  pulleys  i  and  2,  Fig.  365,  accordingly  as  the  friction- 
couplings  gear  right  or  left.  This  motion  is  transmitted  by  a 
gear-train  4  to  ii  to  the  four  screws  of  the  cross-head  31  (12 
are  four  ball-bearings,  reducing  friction).  The  tension-stress 
is  thus  transmitted  indirectly  to  the  test-piece  and  the  cross- 
head  30,  or  directly  through  the  crushing  test-piece  to  the 
platen  (omitted  in  the  figure)  supported  by  the  forked  levers  at 
ab.  These  levers  transmit  loads  to  the  intermediate  levers 
a^b^  acting  on  the  weighing-beam  a^b^.  The  screw  operating 
the  poise-weight  is  carried  by  the  weighing-beam,  on  the  left 
end  of  which  a  graduated  disk  is  mounted  which  has  two  fric- 
tion-wheels,  acted  upon  by  the  small  wheel  19,  revolving  the 
disk  20  to  the  left  or  right  according  to  which  edge  it  is  in 
contact  with.  This  floating  driving  mechanism  is  reversed  in 
either  direction  by  the  electromagnets,  21  and  22  by  the 
current  from  the  battery  26,  when  the  contact  25  is  closed,  in- 
creasing the  load,  and  decreasing  it  when  contact  23  is  closed. 
If  the  poise  cannot  keep  pace  with  increment  of  load,  the 
spring  contact  25  is  closed  and  then  24;  this  operates  the  bell 
27,  which  attracts  the  operator's  attention  to  the  existing  con- 
ditions.    The  operator  can  then  increase  the  speed  of  poise 
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by  adjusting  the  conical  belt  speed-regulator  18.  This  is 
driven  by  belting  13  to  17  as  the  screw  28  forces  the  friction- 
wheel  14  carried  by  the  lever  against  13.  The  graduated  disk 
20  shows  100  and  tens,  while  the  1000  lbs.  are  indicated  by  the 
position  of  the  poise  on  the  beam-scale. 

526.  The  driving  mechanisnn  of  the  Riehl6  machine 
resembles  the  0 1  s  e  n  in  its  entire  design  ;  its  scheme,  omit- 
ting several  intermediate  gears,  is  shown  by  Fig.  366.  It  is 
driven  by  straight  and  crossed  belt ;  the  clutches  3,  10,  13  and 
friction-wheels  5,  6  and  the  gears  4,  7,  8,  9,  ii,  12,  14  to  20 
operate  the  straining-screws  21  at  different  speeds.  The 
screws  21  transmit  forces  to  the  tension  or  crushing  test-piece, 
whence  they  pass,  either  directly  or  indirectly,  first  to  the 
table  (omitted  in  Fig.  366)  and  through  it  to  the  four  support- 
ing points  of  the  two  forked  levers  ab.  Lever  ajb^  transmits 
the  load  to  the  scale-beam  ajb^.  The  poise  is  operated  by  the 
band  31.  This  belt  is  driven  from  the  main  spindle  by  pulleys 
25  and  26,  the  latter  of  which  may  be  coupled  to  disk-wheel 
29  by  the  electromagnetic  clutch  27,  28.  29  drives  the  friction- 
wheel  30,  which  can  be  adjusted  across  the  face  of  29  by  hand, 
and  thus  operates  the  belt  31  in  either  direction  and  at  any 
speed.     The  contacts  at  32  control  the  operation  of  28. 

527.  The  travelling  p  o  i  s  e  itself  is  peculiar;  it  carries 
a  revolving  graduated  disc  by  which  lOo's  and  lo's  are 
read  off  through  an  opening,  while  iocxd's  are  read  off  on  the 
beam.     The  disk  is  revolved  by  a  rack  on  the  beam. 

528.  Riehl6  also  uses  a  scale-beam  with  travelling- 
poise  in  which  the  beam  itself  carries  a  screw,  while  the  re- 
volving nut  within  the  poise-weight  is  driven  by  a  light  spindle 
on  the  lever  and  a  crown  wheel.  The  nut  is  thus  moved  au- 
tomatically with  the  poise,  which  runs  on  wheels  rolling  in  a 
groove  in  the  screw.  The  scale-beam  is  divided  into  1000  lbs., 
and  the  nut  into  lOo's  and  lo's. 

529.  The  design  used  by  Fairbanks  is  much  more 
complicated.     The  poise  is  moved  by  electromotors  contained 
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within  it.     As  the  Fairbanks  machines  are  no  longer  built,  I 
shall  merely  enumerate  them  {L  iij  and  221), 

a.  Electric  and  electromagnetic  regulators  or  poise  mechanisms 
have  been  more  generally  used  recently.  This  is  a  matter  of  course 
under  the  now  general  application  of  electricity.  Nevertheless  I 
consider  it  my  duty  to  again  ask  whether  there  is  any  necessity  or 
appropriateness  of  its  use,  and  to  present  the  following  facts  from 
my  own  experience  and  observations  at  many  places,  and  to  add  the 
repeated  caution,  A I  w  a  y  s  to  give  preference  to  the  sim- 
pler and  safer  types  of  construction,  provided  the 
degree  of  accuracy  necessary  and  sufficient  for 
testing  materials  may  be  attained  by  them.  The 
precise  functions  doubtlessly  obtainable  by  skilful  use  of  electric- 
ity, and  the  intelligent  designs,  are  always  captivating,  and  do  not 
only  tempt  us  to  use  them,  but  also  to  develop  new  designs.  With 
most  tidy  maintenance  and  constant  attention  excellent  results  may 
be  attained,  but  for  general  use,  in  which  such  attention  cannot  be 
bestowed  upon  them,  complicated  devices  should  be  shunned.  It 
is  certainly  necessary,  and  not  alone  in  case  of  electrical  operation 
of  the  poise,  to  determine  the  reliability  and  limits  of  errors  of  me- 
chanical operation  of  poise-weights. 

b.  I  shall  mention  as  examples  a  few  tests  of  electrically-driven 
poise-weights  which  I  made  ;  as  foreign  machines  are  concerned, 
and  the  names  are  of  no  importance  at  this  place,  I  shall  not  give 
them.  Two  constructions  were  used,  according  to  Figs.  367  and 
368. 

It  is  plain  that  the  poise  once  started  will  run  beyond  the  mark 
when  the  motion  is  rapid  and  the  mass  great.  The  poise  will  pass 
more  or  less  beyond  the  position  of  equilibrium,  and  the  scale-beam 
will  not  come  to  rest  at  o,  but  will  stand  above  or  below  this  point. 
If  the  poise  is  controlled  as  indicated  in  Figs.  367  and  368  by  elec- 
tric contacts,  the  beam  may  come  to  rest  between  them  if  the  play  is 
sufHcient.  This  may  also  occur  particularly  when  the  driving  mech- 
anism exerts  force-  or  friction-moments  on  the  beam,  thereby  mak- 
ing it  sluggish.  In  this  case  the  position  of  the  poise  does  not  in- 
dicate the  force  actually  applied  to  the  test-piece.  Tests  will  deter- 
mine the  magnitude  of  this  error.  For  this  purpose  I  loaded  the 
short  end  of  lever  with  load  P.  Then  the  beam  was  repeatedly 
brought  to  a  balance  by  the  poise  mechanism  from  excess  or  defi- 
ciency of  load  on  beam;  by  holding  the  beam  up  or  down  and  re- 
leasing it  suddenly  this  can  be  easily  effected.  In  case  of  the  two 
machines  A  and  B^  Figs.  367  and  368,  the  following  results  were 
obtained : 

Machine    A. 


Lever  up. . . 
Lever  down 


1 

2 

3 

4 

5 

2000 

2000 

2015 

2015 

2003 

2000 

2000 

2015 

2010 

2017 

'  Average. 
2006.6  ±    4.4 

2008.4  ±     4.9 


Diff. 


1.8 
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Machine    B. 


Lever  up... 
LeTfer  down 

Lever  up. . . 
Lever  down 


6320 
6360 

6340 
6340 

6300 
6360 

6330 
6310 

6288 
6370 

6315.6  ±  12.9 
6348.0  ±  14.4 


33.4 


Machine   C.     (Fig.  368.) 


4380 
5068 

4315 

5060 

4340 
5068 

4410 
5072 

4295 

5062 

4348     ±28.4 
5066     ±    3.0 


718 


The  difference  in  mean  positions  for  loading  and  release  is  still 
within  the  limits  of  reading  of  position  of  poise  in  case  of  machine 
A;  it  is  smaller  than  the  probable  error  of  reading.  This  error  is 
materially  greater  than  the  probable  error  in  machine  JB;  hence  the 
cause  thereof  must  be  sought  in  the  unfavorable  arrangement  of 
contacts  or  other  defects  in  the  machine.  The  awkward  use  of 
widely  spaced  contact-points  as  shown  in  Fig.  368  is  directly  visible 
in  results  of  machine  C  The  constructor  introduced  an  addi- 
tional lever  by  his  overzealous  attempt  to  obtain  greater  sensitive- 
ness. The  result  thereby  achieved  is  demonstrated  by  the  differ- 
ence of  718  units,  which  exceeds  the  probable  error  of  reading  46 
times.  The  use  of  the  machine  in  this  condition  is  questionable. 
It  is  plain  that  mere  approach  of  the  contacts  can  eliminate  this 
error,  which  must  be  continued  until  the  difference  is  about  equal 
to  the  probable  error  of  reading. 

c.  Tha  great  influence  of  speed  of  motion  of  poise-weight  in 
beam-scales  is  shown  by  the  following  example,  obtained  with  the 
first  of  the  three  above-mentioned  machines.  I  had  the  beam  bal- 
anced under  increasing  load,  first  by  slow  motion  of  poise,  and  again 
by  very  fast  motion,  and  obtained  the  following  results  : 


Slow  speed. 
Fast  speed. 
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ach  i  1 

ne  A. 

2020 

2050 

2050 

2000 

2000 

1975 

1940 

1970 

1900 

1930 

2024  ±15.1 
1943  ±  18.6 


Difif. 
81 


In  these  tests  the  machine  showed  greater  probable  errors,  and  a 
considerable  difference  in  the  indicated  position  of  equilibrium 
under  equal  load;  this  difference  was  certainly  5  times  the  probable 
error,  and  this  had  increased. 

The  cases  here  given  show  in  a  striking  manner  the  neces- 
sity of  testing  the  machines  accurately  as  to  their 
reliability.  I  am  very  inquisitive  to  hear  the  results  which  will 
be  found  should  machines  with  heavy  poise-weights  and  great  lever- 
masses  be  tested  for  the  reliability  of  their  readings. 
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530.  When  using  mechanical  or  electrical  controllers  for 
the  poise  the  foregoing  will  show  that  two  methods  of  opera- 
tion, which,  however,  merge  into  each  other,  are  possible.  In 
the  one  (Fig.  368  is  an  exaggerated  case  of  it)  the  control  of 
the  poise  is  arranged  in  such  manner  that  the  beam  may  play 
and  come  to  rest  between  its  two  extreme  positions  (between 
contacts),  while  in  the  other  the  device  is  so  adjusted  that  re- 
versal of  motion  is  so  quickly  repeated  that  the  poise-weight 
vibrates  about  the  position  of  equilibrium  even  under  a  steadily 
increasing  load.  This  can  be  done  in  several  ways.  I  used 
two  methods  in  my  50  and  i^ton  (Plates  5  and  524,  Fig.  364) 
machines. 

{a)  Although  the  travel  of  poise  about  the  position  of  equilib* 
riuni  in  this  ^}-ton  machine  represented  a  variation  of  load  of  33 
lbs.  (15  kg),  it  was  nevertheless  possible  to  notice  a  variation  due  to 
4^  lbs.  load  in  the  diagram  recorded  (see  2-6,  Fig.  369),  a  part  of 
which  is  shown  in  Fig.  369,  thus  making  it  possible  to  determine  loads 
to  about  ij  lbs.  (i  kg). 

(d)  In  case  of  the  motion  of  the  mercury-chamber  for  the  50- 
ton  machine  I  went  still  further  {j^j). 

In  this  case  the  reversal  of  the  two  controllers  was  so  rapid  that 
the  brake-levers  were  constantly  buzzing.  Therefore  the  pencil, 
operated  by  the  constantly  rising  and  falling  mercury-chamber, 
drew  a  line  on  which  serrations  were  no  longer  visible.  This  was 
achieved  by  the  use  of  a  contact,  in  the  circuit  of  which  an  accurately 
adjusted  relay  controlling  the  currents  of  the  brake-levers  was  in- 
serted. Each  make  and  each  break  produced  reversal,  and  the 
speed  with  which  this  was  done  was  as  nicely  adjustable  as  above 
stated.  Although  I  devoted  much  study  to  and  obtained  very  good 
results  with  this  device  [as  will  be  seen  from  the  instructive  report 
(Z  -^^'?)],  it  also  finally  succumbed  to  the  fate  which  is  the  end 
of  all  such  complicated  arrangements  ;  it  is  no  longer  used  because 
simpler  devices  have  been  substituted. 

h.  The  Pendulum-balance. 

531.  The  principle  of  the  pendulum-balance  underlies 
many  load-indicators  of  testing-machines  in  a  more  or  less 
striking  manner.  It  is  found  in  its  complete  form  in  the 
Pohlmeyer,  Schopper,  v.  Tarnogroki,  Mi- 
ch el  e,  and  in  others  of  all  modifications,  which  merge  appar- 
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ently  into  the  ordinary  lever-balance.  While  in  the  pendulum- 
balance  the  changed  position  of  lever  is  used  as  a  measure  of 
all  applications  of  load,  the  possible  motion  of  beams  between 
stop  and  position  of  equilibrium  is  rarely  ever  used  in  beam- 
scales  for  that  purpose.  The  beam-scale  acts  as  a  pendulum- 
balance  when  the  variation  of  position  of  beam  is  used  to 
balance  small  loads  instead  of  balancing  the  beam  by  shifting 
the  poise.  Attention  may  here  be  called  to  the  fact  that 
they  may  be  considered  as  pendulum-balances  even  when  no 
apparent  use  is  made  of  this  method.  Every  scale-beam 
bends ;  hence  motion  must  take  place  about  the  middle  knife- 
edge  during  increasing  stress  on  test-piece  even  when  the 
beam  bears  on  the  stop  because  of  overweight  of  poise.  It 
would  in  fact  be  possible  to  use  this  distortion  as  a  measure 
of  transmitted  load  by  means  of  proper  measuring-instruments 
(mirror  apparatus  or  levels)  if  the  end  fulcra  were  fixed  to  the 
machine-frame.  In  this  case  we  would  be  dealing  to  a  certain 
extent  with  a  pendulum-balance  in  which  the  pendulum- 
ball  did  not  change  its  position,  but  its  size  increased  constantly 
to  an  amount  necessary  to  produce  the  distortion  of  the  beam. 
It  may  suffice  to  have  called  attention  to  this  point ;  true 
pendulum-balances  alone  shall  be  here  discussed. 

532.  The  theory  of  the  pendulum-balance  of  the  Pohl- 
m  e  y  e  r  machine  has  already  been  given  in  {6j,  d).  Referring 
to  the  schematic  illustration  Fig.  370,  I  wish  to  discuss  some 
peculiarities,  while  the  construction  itself  is  shown  on  PI.  9, 
Figs.  1-18 ;  the  same  notation  is  used  in  both  cases.  The  ma- 
chine is  driven  by  hydraulic  pressure,  and  its  speed  is  controlled 
by  the  valve  shown  in  Fig.  339.  The  power  is  transmitted 
through  the  table  and  the  rods  6  to  the  upper  cross-head  and 
the  test-piece,  thence  to  the  lower  cross-head  and  the  rods  1 1 
to  the  main  lever  1 5  of  the  scale.  It  is  transmitted  by  means 
of  17,  19,  20  to  the  pendulum  21  of  the  balance,  the  motion  of 
which  measured  by  the  rise  of  rod  40  is  transmitted  by  a  string 
to  the  pointer  25.     This  rise,  and  hence  the  travel  of  pointer. 
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is,  according  to  {6^,  d)^  proportional  to  force  P  in  the  test- 
piece,  and  hence  by  changing  the  distance  m  the  scale  of  read- 
ings may  be  changed,  or,  what  amounts  to  the  same  thing,  a 
given  uniform  scale  may  be  used  to  indicate  stress  if  it  be 
mounted  at  a  corresponding  distance  m  from  the  centre  of 
rotation  of  the  pendulum.  By  simply  moving  the  support  25 
with  relation  to  axis  of  pendulum  the  load-indicator  may  be 
adjusted  if  the  investigation  of  the  machine  proves  the  exist- 
ence of  errors. 

It  is  clear  how  very  readily  the  Pohlmeyer  machine 
may  be  made  to  comply  with  the  requirements  in  (^o),  as  it 
would  merely  be  necessary  to  move  the  support  25 
along  a  scale,  divided  according  to.  sec- 
tional  areas  of  test-pieces,  to  read  off  stress 
directly.  One  graduated  circle  would  then  answer  to  read 
off  all  stress  in  at.  for  all  sections  used. 

533.  The  reading  and  recording  device 
designed  by  me  for  the  Pohlmeyer  machine  and  built  by  the 
laboratory  mechanic  E  .  B  o  e  h  m  e ,  Charlottenburg,  is  shown 
on  PL  9,  Figs.  19  to  27.  It  corresponds  with  the  foregoing 
descriptions,  and  would  also  answer  for  recording  diagrams 
of  stress  if  the  arrangement  just  described  for  moving  support 
23  were  provided.  Hence  it  would  be  merely  necessary  to 
measure  records  of  extension  by  a  scale  divided  according  to 
^  of  the  gauge-length,  or  to  select  such  value  for  /^  that  a 
millimeter  scale  could  be  used  directly  to  read  off  ^  of  /^  or 
elongation  e^  (jS-^.o).  I  arranged  the  load-indicator  *  shown 
on  PI.  9,  Figs.  19-27,  in  the  following  manner.  The  main  bar 
40,  guided  at  top  by  three  rollers  58  and  at  the  bottom  by 
rollers  41,  runs  on  one  roller  on  the  upper  surface  of  the 
pendulum-lever  21  (Fig.  2) ;  hence  the  bar  retains  its  distance 
m  during  the  test. 

*  B  a  c  h  (A  Jf7,  1890,  p.  1042)  used  an  apparatus  designed  on  similar  prin- 
ciples and  constructed  by  G.  Bo  ley  in  Esslingen,  to  indicate  deforma- 
tions of  flat  plates  tested  by  hydraulic  pressure. 


(533*)  1'hb  Pendulum-balancb.  4^5 

At  the  top  of  40  a  water-proof  silk  trout  line  passes  around 
a  sheave  56  and  is  strained  by  a  spring  57,  and  wound  about 
the  spindle  of  the  indicator  in  two  loops,  transmits  the  motion 
of  the  bar  to  it.  This  spindle  runs  on  points,  in  front  in  a  recess 
in  the  knob  54,  and  in  the  back  in  a  nicely  adjustable  bearing  in 
the  cross  48,  so  that  the  indicator  is  visible  throughout  its  com- 
plete revolution,  the  front  mirror-plate  being  the  support.  The 
graduated  circle  55  for  indicators  51  and  52  is  carried  by  a 
ring  in  the  case  47.  The  spindle  carries  a  counter-disk  49  by 
means  of  a  stop,  and  load  of  10  tons  may  be  read  off  through 
a  slot.  The  indicator  makes  five  revolutions  for  the  capacity 
of  the  machine,  which  with  a  diam.  of  nearly  8  in.  (191  mm) 
equals  a  straight  scale  about  10  ft.  (3  m),  or  2.4  in.  per  ton 
(60  mm)  in  the  50-ton  machine,  and  1.2  in.  (30  mm)  per  ton 
for  the  100-ton  machine.  In  the  first  case  the  graduations 
read  to  0.02  tons,  in  the  second  case  to  0.05  tons. '  Tenths 
thereof  may  still  be  estimated. 

Adjustment  of  the  indicator  to  o  is  effected  by  shortening 
or  lengthening  the  rod  by  means  of  screw  42.  To  avoid  injury 
to  the  apparatus  at  the  instant  of  rupture  and  the  drop  of 
pendulum,  I  recently  designed  an  eccentric  clamp,  which  was, 
however,  replaced  by  the  builder  in  a  very  practical  manner 
by  the  ratchet  shown  in  Fig.  24.  Two  collars  45  are  provided 
on  rod  40,  and  carry  a  sliding  bolt  44;  it  drops  by  its  own 
weight.  When  rising  (loading  the  machine)  the  pawl  will  en- 
gage the  ratchet  carried  by  the  frame  of  machine,  but  on 
account  of  the  possible  motion  of  the  bolt  will  permit  descent 
of  bar  40,  and  also  of  the  indicator  51,  until  the  bolt  strikes  the 
upper  collar  45.  Hence  the  rod  and  indicator  may  respond  to 
the  drop  of  load  at  yield-point  and  during  stricture,  but  are 
arrested  by  the  ratchet  from  striking  the  pendulum  lever  at 
rupture.  The  indicator  51  carries  a  loose  pointer  52,  nicely 
mounted  on  the  knob  54,  by  which  it  can  be  adjusted  to  o. 
The  stop  is  so  arranged  that  the  indicator  is  only  carried  for- 
ward and  hence  remains  in  position  of  maximum  load. 
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534.  So  as  not  to  repeat,  I  shall  in  this  place  describe  the 
recording-apparatus  designed  by  me.  The  rod  40  carries  the 
pencil  65  mounted  on  two  pivots  and  pressed  against  the 
drum  60  by  a  reversible  spring.  The  paper  is  secured  On  the 
drum  60  in  a  very  simple  manner  after  lapping  the  ends  by 
the  spring  61,  which  fits  behind  a  screw  at  the  lower  end  and  a 
clamp  at  the  upper.  The  drum  revolves  very  freely  on  two 
pivots  in  the  frame  59.  It  is  revolved  proportionately  to 
change  of  length  of  test-piece  by  a  string  passing  around 
single  or  compound  sheaves.  The  diameter  of  sheave  is  se- 
lected according  to  the  multiplication  of  elongation  with  which 
it  is  recorded.  The  transmission  of  extension  is  usually  done 
by  means  of  a  few  rollers  led  vertically  from  the  cross-head  of 
the  machine.  This  therefore  records  the  relative  motion  of 
cross-heads.  This  is  of  course  admissible  only  when  the 
diagram  is  used  as  a  picture  or  control  for  direct  measure- 
ments ;  this  is  the  rule  at  the  Charlottenburg  Lab- 
oratory. The  motion  of  the  drum  should  in  other  cases  be 
derived  from  the  test-piece  itself.  In  order  occasionally  to 
use  the  apparatus  for  more  accurate  work,  the  string-guiding 
device  shown  in  Fig.  371  is  used.  It  is  connected  to  the 
frame  by  the  stirrup  i,  and  consists  of  two  adjustable  tubes  2 
and  9,  which  are  connected  by  pivot-screws  with  each  other, 
the  stirrup  and  the  test-piece  (or  the  cross-head).  Rollers  4 
and  7  for  the  string  14  are  secured  in  the  frame  in  such  manner 
that  the  centres  of  motion  of  individual  links  lie  in  the  effect- 
ive roller  surfaces ;  therefore  no  motions  of  levers  2  and  9  of  any 
kind  can  produce  motion  of  string.  Hence  the  motion  of 
string  is  produced  only  by  change  of  shape  of  test-piece  be- 
tween gauge-marks  when  the  pivoted  screws  of  the  elastic  and 
interchangeable  stirrup  13  are  set  in  the  gauge-marks,  and 
when  the  other  end  of  the  string  14  is  secured  to  the  other 
gauge-marks  by  spring-clamps.  To  avoid  changes  of  length 
of  the  braided  silk  line  it  is  waxed  (to  exclude  effect  of  moist- 
ure) and  heavily  loaded  for  some  time  before  use  (diminution 
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of  permanent  extension  and  secondary  eflfects).  When  in  the 
machine,  it  is  always  kept  strained  by  a  balance-weight.  The 
variations  of  stress  in  the  string  are  hence  caused  only  by  fric- 
tion and  inertia,  which  must  be  small,  as  all  parts  run  on  pivots. 
The  string  14  is  secured  to  the  second  gauge-mark  by  the 
bent  steel  spring  2,  Fig.  372,  one  end  of  which  has  a  small  loop 
5  to  which  the  string  is  tied.  To  insure  safe  attachment  of  the 
springs  2  at  the  gauge-marks,  their  ends  are  flattened  as  shown 
at  3  and  4  and  hardened,  one  of  which  is  cut  off  square  as  at  3 
for  rounds,  and  pointed  for  flats,  while  the  other,  4,  has  a  knife- 
edge  angle.  This  invariably  insures  a  safe,  unconstrained 
bearing  on  the  bar,  particularly  because  the  moment  of  weight 
of  spring  due  to  shape  selected  is  very  small  (in  vertical  posi- 
tion) and  equal  to  o  because  supported  (when  horizontal). 

a.  It  will  be  instructive,  and  again  lead  to  the  conviction 
of  the  necessity  of  accurate  examination  and  con- 
stant calibration  of  testing-machines,  if  I  here  pre- 
sent a  small  part  of  the  very  exhaustive  investigations  of  the 
Pohlmeye  r  machines  made  at  the  Charlotte  n  burg 
Laboratory.  I  can  only  present  incomplete  results,  because 
even  the  great  Charlottenburg  Laboratory  lacks 
means  and  assistance  to  carry  out  these  very  valuable  examina- 
tions in  an  entirely  methodical  manner,  and  to  extend  them  beyond 
the  limit  of  absolute  necessity,  or  even  to  properly  digest  the 
valuable  information  obtained.  I  hope  that  these  communications 
will  lead  to  a  more  general  consideration  of  the  question  of  calibra- 
tion of  testing-machines,  so  frequently  mentioned  by  me,  than  has 
heretofore  been  the  case.  I  especially  hope  to  induce  builders  of 
testing-machines  carefully  to  consider  the  points  raised  by  me. 

b.  The  many  investigations  of  the  Pohlmeyer  machine  at 
once  led  to  the  abolishment  of  a  series  of  irregularities,  which  at 
my  suggestion  its  builder  has  since  avoided  in  all  machines. 
Formerly  the  lever-fulcra  were  not  secured  against  longitudinal  shift- 
ing. This  produced  a  constant  change  of  sensitiveness  of  machine. 
This  defect  was  remedied  by  introducing  guides  as  shown  in  Figs. 
9-T4,  PI.  9;  since  then  the  machine  works  splendidly.  In  the  5o-ton 
(50,000-kg)  machine  other  changes  have  been  made.  At  first  I  had 
the  two  counterweights  14,  Figs  2  and  3,  which  easily  caused  oblique 
action  in  rods  11,  replaced  by  a  single  lever,  as  in  Fig.  373,  which 
acts  in  the  line  of  stress  of  the  machine  at  the  lower  cross-head.  As 
this  cross-head  always  has  amotion  of  several  millimeters  on  a  radius 
of  7.2  in.  (180  mm)   about  the  axis  of  the  main  lever,  it  is  fun- 
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damentally  wrong  to  attach  the  counterweighted  lever,  swinging  in 
an  opposite  sense,  rigidly  to  the  cross-head  without  an  intermediate 
movable  link.  I  therefore  made  the  balance-lever  2  first  act  upon 
an  intermediate  oscillating  strut  4,  and  then  upon  the  cross-head.  I 
wish  to  state  that  this  is  by  no  means  a  satisfactory  solution,  because 
unstable  support  is  secured,  but  the  piping  already  provided  did  not 
permit  of  a  better  solution,  by  means  of  suspension-rods,  without 
serious  disturbance.  Lever  14  also  balances  the  weight  of  lever  15, 
Fig.  2,  PI.  9,  at  the  same  time,  and  causes  this  lever,  even  when 
unloaded,  to  bear  upon  its  rigid  support. 

c.  It  is  especially  difficult  to  prevent  the  test-piece  when  under 
crushing-stress  from  exerting  great  lateral  stresses  before  rupture. 
These  are  transferred  to  the  rods  11  in  the  type  now  built  and  shown 
on  PL  9,  and  produce  bending-stress  in  the  cylindrical  casting  2 
when  the  rods  bear  against  the  guides.  In  the  machines  of  the 
Charlottenburg  Laboratory,  this  bearing  is  produced 
only  by  great  lateral  thrust  (wood  cubes,  etc.,)  because  the 
guides  of  the  machine  were  bored  out  (about  i  in.),  immediately 
the  machine  was  put  into  service,  to  obtain  ample  clearance, 
and  to  be  able  to  observe  this  condition  readily  by  the  position 
of  rods  II  in  their  guide-holes.  This  of  course  insures  a  greater 
certainty  of  results  of  tests,  because  unnoticed  frictional  resist- 
ance cannot  easily  creep  in;  nevertheless  it  is  very  inconvenient 
for  fine  work  to  work  with  the  limber  rods.  This  induced  me  to 
provide  the  guides  as  shown  in  Fig.  374,  which  absorb  the  lateral 
forces  and  convert  them  into  frictional  resistance,  after  overcoming 
the  slight  play.  But  these  are  very  slight,  especially  in  tension-test, 
and  need  hardly  be  considered  in  ordinary  tests.  As  these  changes 
had  just  been  completed,  an  exhaustive  examination,  which  was 
also  to  include  the  measurement  of  frictional  resistance  in  the  case 
in  which  the  direction  of  stress  does  not  coincide  with  the  axis  of 
the  machine  by  0.4  in.  (10  mm),  could  not  be  made;  a  case  which 
certainly  will  never  again  occur  in  this  machine. 

d.  In  order  to  obtain  a  preliminary  knowledge  of  the  resistances 
to  motion,  I  made  a  crushing-test  without  great  care  in  centring  the 
test-piece,  and  applied  a  load  of  at  first  10  tons  and  then  20  tons. 
To  find  the  sensitiveness  of  the  entire  machine,  a  rider  of  44  lbs. 
(20  kg)  was  placed  on  lever  14  and  alternately  removed,  then  taking 
readings  on  the  load-indicator.  The  effect  of  change  of  load  neces- 
sarily passed  through  the  entire  system.  As  I  intended,  if  possible, 
to  determine  frictional  resistances  as  well,  I  took  double  readings, 
one  after  raising  the  lever  above  the  position  of  equilibrium  by  hand 
and  then  allowing  it  to  settle  very  slowly  (A),  and  again  after  depress- 
ing the  lever  slightly  and  allowing  it  to  rise  very  gradually  (JV)  to  its 
position  of  equilibrium. 

It  was  not  possible,  however,  to  obtain  permanent  equilibrium, 
because  of  existing  leaks,  and  nothing  remained  but  to  take  readings 
under  gradually  falling  pressure  or  decreasing  loads.     I  present  the 
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record,  to  show  how  results  may  be  obtained  even  under  such  con- 
ditions, when  observations  are  made  at  regular  intervals,  arranging 
them  to  proceed  at  uniform  speed. 

Table  80.    Calibration  of  Machine  N  for  SensitiTeness. 

A  =  lifted  and  slowly  settled  back,  //  =  depressed  and  allowed  to  rise 

slowly. 


Readingfs  i  division  =  9  kg 

Readings  x  divison  =  i  kg 

Loads  on  lever. 

Loads  on  lever. 

Load  and  / 

t 

1 

Remarks. 

0  kg 

20  kg 

okg 

90  kg 

^Q 

A'o 

A^Q 

A',0 

25 
17 

21 
12 

42 

32 

38 
30 

*  Consider- 
able lifting 

10 

7 

4 

25 

22 

A  and  also 

2 

-9 

-15 

-3 

-13 
-18 

17 

8 
2 

14 
5 
0 

depression 
-A^(see  Fig. 
375). 

52 

45 

61 

56 

420 

450 

20 

24 
4 

20 

2 

38 
14 

33 

ID 

405 
385 

430 
412 

*)ioo 
85 

95 
79 

114 
98 

III 
96 

368 

403 

The  readings  (division  on  load-indicator)  of  the  first  column  of 
Table  30  have  been  plotted  in  Fig.  375  as  ordinates,  the  test  numbers 
as  abscissae.  It  will  be  seen  that  we  succeeded  to  a  certain  extent 
to  take  reading  at  uniform  intervals  of  time.  Hence  parallel  lines  of 
average  values  may  be  passed  througli  these  series  of  values,  and  the 
distance  between  them,  measured  on  the  ordinate,  is  a  measure  of 
the  effect  of  adding  20  kg  on  the  lever  when  under  a  total  load  of 
10  tons  or  20  tons.  According  to  Fig.  375  this  effect  under  the 
loads  stated: 

10,000  kg  ^a  =  40  kg 

20,000  kg  ^a  =  •<  "*"*  ,  o 
^  (  43  kg 

A  similar  analysis  of  col.  2  Table  30,  produces  the  following  result : 

20,000  kg  ^a  =  38  kg. 

This  is  a  very  close  approximation  of  values  found  under  very 
different  conditions  of  loading. 

The  greatsensitivenessofthemachine  will  be  easily 
seen  from  the  lines  in  Fig.  375;  it  will  be  noticed  that  the  observed 
values  (dotted  lines)  almost  coincide  with  the  full  lines  (averages). 
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In  order  to  show  the  limits  at  least  for  light  loads,I  took  the  follow- 
ing readings  by  the  above  method  of  observation,  the  last  series 
being  taken  after  great  displacement  of  the  lever  from  its  position  of 
equilibrium: 


Table   31. 


Load. 

Series  z. 

Series  a. 

A, 

A, 

^1 

ATi 

^t 

A^t 

Ai-I^i 

At-I^t 

(i  division  =  2  kg) 

(i  division  =  2  kg) 

I  too 

124 

119 

127 

125 

5 

2 

126 

122 

128 

124 

4 

4 

123 

119 

126 

123 

4 

3 

123 

119 

126 

123 

4 

3 

125 

1X6 

129 

118 

9 

II 

128 

118 

130 

122 

10 

8 

Resistances  in  the  machine 

1/2^. +2^,\        1/36  +  3A              ^^       ^. 
=  2[-        iT          J=lV      "      j  ^  =  5.6  ±  3.96  kg. 

Probable 

error  of  a 

djustment 

=  ±  2.46  kg. 

To  further  prove  the  accuracy  with  which  the  machine  will  assume 
the  position  of  equilibrium  after  allowing  the  pendulum  to  swing 
freely,  I  made  the  following  series  of  tests  : 

Readings  :  709,  709,  707,  707,  707,  707,  706,  706. 

In  this  case  the  pendulum  was  drawn  out  of  its  position 
by  about  2  tons  and  released;  it  made  a  double  vibration  in  2.2 
sec.  and  came  to  rest  after  2. 5  min.  at  the  readings  given  above  ; 
load  700  kg.  These  scries  show  the  excellent  sensitiveness,  and 
prove  that  the  addition  of  the  guides  will  hardly  have  great  effect  in 
tension-tests. 

e.  As  shown  on  PI.  9,  Figs  23  and  25,  the  pointer  of  the 
load-indicator  carries  a  roller  bearing  on  the  surface  of  the 
pendulum-lever  21,  Fig.  2.  The  theory  of  the  pendulum-balance 
developed  in  paragraph  65,  d^  presupposes  that  the  end  of  the  rod 
(as  correctly  constructed  by  Pohlmeyer)  travels  on  a  plane  pass- 
ing through  the  axis  of  the  pendulum.  I  made  the  roller  of  2  in. 
diam.  so  as  to  have  minimum  friction,  but  thereby  introduced  errors, 
as  shown  by  Fig.  376. 

The  indication  will  be  too  large,  because  of  the  finite  value  of  r,  by 
the  amount  J,  calculated  from  the  constants  of  the  apparatus,  m  and 
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r,  and  from  the  true  displacement  n  of  the  pendulum  for  a  given 
force  jP  : 


=  r r  =  r( i ). 

cos  a  \  cos  a         I 


Table  3a  gives  the  errors  -^^  f or  r  =  25  mm  (i  in.)  for  different 
angles  a^  and  in 

Machine  iV  =    50  tons  ;  m  =  344  mm  (13.54  in.) 
"         O  "=■  100  tons  ;  w  =  520  mm  (40  4  in.) 

as  values  of  «,  Fig.  376,  for  the  angles  a.     Hence  the  last  two 
columns  give  the  errors  in  <^  of  values  of  n. 

Table  82.    Erroneous  Readings  of  Machines  N  and  O  for 

r  =  25  mm  (1  in.) 


x8 


as  I  ; X  )  ■=  A  mm. 


u  mm  =  m  tan  a 


\ 


N. 


A  in 


*»'-  ]o. 


""«{^: 


a 

4 

6 

8 

xo 

xa 

M 

x6 

C.015 

0.061 

0.X38 

0.246 

0.386 

0.558 

0.765 

X.008 

12. 01 
18.16 

34.06 
36.36 

36.16 
54-65 

48.35 
73.08 

60.66 
91.69 

73." 
XXO.50 

85-77 
X29.65 

98.64 

O.X3 
0.08 

o.as 
0.X7 

0.38 
0.25 

0.51 
0.34 

0.64 
0.42 

0.76 
0.5X 

0.89 
0.59 

X.02 

•  •  •  • 

6' 

XX 

as 
46 

58 
X04 

xoa 
186 

i6x 
293 

a7a 
43a 

3x8 
580 

4ao 

•  •  a  • 

x.aSj 


11X.X7 


x.x6 
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The  actual  loads  would  be  less  than  the  readings  by  the  above 
values. 

These  errors  may  be  avoided  if  the  bearing 
surface  of  the  roller  be  lowered  by  an  amount 
sufficient  to  bring  the  axis  of  joller  in  the 
planesof  the  original  rolling  surface  of  the  pen- 
dulum-lever. This  produces  the  same  effect  as  making  r  =  o. 
This  has  been  done  in  both  machines  attheCharlottenburg 
Laboratory.  It  may  be  remarked  that  the  error  might  also  be 
reduced  by  shifting  the  support  slightly,  i.e.  by  changing  w,if  the  sup- 
port be  adjusted  in  such  manner  that  correct  readings  be  obtained  at 
the  centre  of  the  scale.  This  condition  was  always  obtained,  as  shown 
in  /,  before  the  machines  had  been  changed.  Hence  the  actual 
errors  of  the  machine  are  now  much  smaller  than  those  calculated  in 
Table  32. 

/.  The  machines  at  the  Charlottenburg  Laboratory 
are  regularly  tested  for  accuracy  by  so-called  standard  bars. 
I  made  the  following  report  (Z  222)  thereof  : 

**  The  testing-machines  at  the  Charlottenburg  Labora- 
tory, and  others  upon  order,  are  calibrated  by  means  of  a  num- 
ber of  standard  bars,  which  for  years  have  been  used  for  regular 
calibration  of  machines  and  apparatus  in  the  following:  manner." 
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"  Several  standard  bars  are  regularly  tested  up  to  lo  tors  load 
on  the  50-ton  machine  of  my  design,  PI.  5,  which  is  invariably 
calibrated  for  lever-ratios  before  and  after  this  test,  by  actual  loads 
hanging  freely  therefrom.  All  standard  bars  (even  those  men- 
tioned later  on)  are  made  of  different  carefully  selected  materials, 
and  always  strained  only  within  the  elastic  limit.  By  means  of 
mirror  apparatus  of  my  design  {SS  and  6p^-6gp)  it  was  determined 
by  a  large  series  of  tests  that  each  bar  shows  the  same  extension 
for  each  i  ton  of  load  up  to  10  tons.  The  extension  produced  by 
I  ton  of  actual  load  is  calculated  from  the  lever-ratios  determined 
by  actual  weights  both  before  and  after  test." 

"  The  many  series  of  tests  made  in  the  course  of  years  demon- 
strated that  the  standard  bars  only  suffered  practically  immaterial 
changes.  The  total  extension  of  the  standard  bars  may  be  deter- 
mined to  an  accuracy  of  3  units  of  measurement  (o.oooi  mm 
=  0.0000039  in.);  there  is  great  certainty  in  measurements  of  exten- 
sion, as  the  errors,  with  some  care  and  the  invariable  use  of  the 
same  instruments,  may  easily  be  limited  to  a  few  tenths  of  a 
per  cent." 

"  The  other  machines  of  the  laboratory  are  then  tested  to  10 
tons  by  means  of  the  three  (or  more)  standard  bars  tested  up  to  10 
tons.  If  each  machine  gives  the  same  results  with  each  bar  as  was 
obtained  in  the  50-ton  machine,  it  may  be  assumed  with  great 
probability  of  certainty  that  it  is  correct  up  to  10  tons  load." 

**  The  variations  of  readings  from  the  standard  readings  give  the 
error  of  lever-ratios;  they  are  corrected  by  adjustment  when  greater 
than  i^f  or  are  recorded  and  applied  as  corrections  when  necessary, 
if  less  than  i^." 

"  As  the  lever-ratios  may  change  with  increased  loads  (in  many 
machines  there  are  various  reasons  for  regular  variations),  it  is 
necessary  to  calibrate  a  machine  up  to  its  maximum  capacity.  For 
this  purpose  the  laboratory  has  several  standard  bars,  which  can  be 
subjected  to  100  tons  safe  loads  within  the  elastic  limit,  the  material 
of  which  has  been  carefully  studied  in  small  test-pieces  in  the 
50-ton  machine  as  to  its  proportional  limit.  These  bars  of  2}  in. 
(70  mm)  diameter  may  be  used  in  four  machines  in  the  laboratory. 
If  the  extensions  of  these  large  standard  bars  for  each  lo-ton  inter- 
val of  load  on  a  machine  just  previously  calibrated  by  the  smaller 
standard  bars  be  found  to  be  identical  up  to  100  tons  load,  it  may 
be  assumed  with  a  great  probability  of  certainty  that  the  lever-ratio 
of  the  large  machine  has  not  changed  during  loading  to  100  tons, 
and  that  these  bars  comply  with  the  law  of  proportionality,  because 
several  bars  of  different  material  behave  alike.  These  bars  may 
then  be  used  for  calibrating  other  machines,  the  lever-ratios  of 
which  may  be  ascertained  on  the  basis  of  extensions,  or  which  may 
be  adjusted  until  the  readings  of  extensions  correspond  with  the 
standard  readings.  This  system  of  calibration  has  been  extended 
in  the  laboratory  to  the  500-ton  machine,  the  standard  bar  for 
which  is  6.3  in.  (160  mm)  diameter  and  29.5  ft.  (9  m)  long." 
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"Mirror  apparatus  used  in  this  method  of  calibration,  as  long  as 
the  same  instrument  is  invariably  used  under  identical  conditions, 
is  really  nothing  but  a  very  delicate  indicator,  and  does  not  serve 
actually  as  instruments  for  the  determination  of  absolute  values  of 
extension.  The  calibration  is  based  on  the  assumption,  which  may 
at  present  be  considered  practically  safe,  that  the  bars  do  not 
change.*' 

**  The  possibility  of  such  change  is  not  precluded,  but  we  may 
be  pretty  independent  of  the  effect  thereof  by  using  several  bars, 
and  subjecting  them  and  the  machines  to  simultaneous  repeated 
calibration;  it  is  improbable  that  several  bars  change  in  the  same 
manner  at  the  same  time." 

"  It  seems  to  me  that  the  method  pursued  by  the  Laboratory 
is  at  present  the  only  feasible  one  to  obtain  reliable  calibration  of 
our  own  and  foreign  machines.  But  the  difficulties  of  such  calibra- 
tion are  very  great,  and  thanks  would  be  due  to  him  who  would  find 
a.  safe  and  quicker  method." 

"  1  may  add  that  the  method  will  be  improved  at  the  Labora- 
tory by  the  addition  of  apparatus  which  will  permit  of  loading  the 
standard  bars  by  lo  weights  of  i  ton  each.  This  device  will  then 
be  used  for  the  direct  comparison  of  mirror  apparatus,  and  a  double 
calibration  of  the  latter  will  thus  be  secured." 

"  In  addition  to  those  obtained  from  the  machines  at  the 
Testing  Laboratory,  the  calibration  of  other  machines  has 
enabled  it  to  gather  very  extensive  experimental  data." 

g.  The  calibration  of  the  machine  JV^  after  being  changed  as 
explained  in  e,  making  the  rolling  surface  so  that  r  =  o,  gave  the 
results  as  shown  in  Table  33  and  Fig.  377. 

Fig.  377  gives  the  diagrams  of  mean  values  of  extensions  in 
o.ooooi  cm  in  Table  33,  obtained  from  different  bars  for  intervals 
of  loads  of  0.5,  i.o  or  5  tons.  The  figures  and  curves  show  that  the 
first  load  always  produces  greater  values  than  the  following.  Hence 
an  initial  resistance  must  exist,  deducible  from  the  series  of  num- 
bers in  lines  3,  7  and  14,  under  the  supposition  that  the  extensions 
for  other  intervals  of  load  may  be  considered  identical  for  loads  up 
to  10  tons.  This  would  mean  that  extensions  in  bars  k  and  c  can 
be  calculated  from  equation 

^  =  ^i  +  fifty 
in  which  n  =  reading  of  load-indicator.     Hence  for 

3.  ^,  =  122.9  — 113.9  =  9.0  ;  or  — —  .  500  =  40  kg  (10  series). 

_      ^  10.2  .      ,  .  . 

4.  ^j  =  238.7  —  228.5  =  10.2  ;   or  — r—  .  1000  =  45  kg  (24  series). 

228.5 

5.  £,  =  T50.61  —  145.82  =  4.79  ;  or   '  ^  .  1000  =  33  kg  (25  series). 

145.02 

^j  on  an  average  corresponds  to  an  initial  load  of  38  kg. 
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In  order  to  prove  that  the  initial  resistance,  producing  ^„  existed 
at  the  very  beginning  the  following  series  of  measurements  under 
load  intervals  of  o.i  and  o.oi  tons  were  made  : 

Table   84. 


Series. 

0.0    0.1 

0.1 — 0.3| 

0.3—0.3 

0.3—0.4 

0.4 — 0.5 

Average. 

a 
b 

5» 

36 

33 

as 

23 
a3 

33 

23 

"3 
a3 

— 

Aver  aire 

43.5 

23-5 

33.0 

33.5 

33*0 

— 

33. 0 

c 

0.00 — 0.01 
ao 

0.01  —0.02 

6 

0.03 — 0.03 

0.3—0.4 

6 

0.04—0.05 

0.05—0.06 
xo 

3-7 

Hence  we  have  for  series  : 


20.5 


ab^  ^,  =  43.5  —  23.0  =  20.5,  or  — ^  .  100  =  89  kg. 

23-0 

c,  ^,  =  20.0  —-3.7    =  16.3,    or  — -  .  10  =  44  kg. 


3-7 

These  values  varied  considerably  in  individual  series,  and  an  aver- 
age value  of  70  kg  had  been  deduced  from  series  of  previous  years. 

A  definite  cause  for  the  extension  e^  has  not  yet  been  deter- 
mined ;  it  is  certainly  true  that  the  frictional  resistances  are  much 
smaller  than  70  kg,  for  many  direct  determinations  prove  this.  The 
different  changes  of  the  machine  have  not  had  any  effect  on  this 
value. 

Examination  of  the  curves  in  Fig.  377  with  bars  V  and  VI  under 
full  load  of  the  machine  show  a  diminution  of  extension  for  inter- 
vals of  increasing  load.  If  the  series  of  differences  were  averaged 
by  a  straight  line  as  drawn,  the  general  equation  would  require  an 
additional  term  depending  upon  n^  in  the  form 

e  =  g^  +  ftn  —  yn\ 

k.  The  theory  of  the  pendulum-scale  as  exemplified  in  the 
Pohlmeyer  machine  supposes,  J^esides  r  =  o,  that  the  force  be 
applied  to  the  pendulum  in  such  manner  that  the  direction  of  P 
remain  parallel  throughout  the  entire  motion  of  the  pendulum. 
Practically  this  cannot  be  so;  greatest  compliance  will  be  obtained 
if  rod  20,  PI.  9,  Fig.  2,  be  made  very  long.  If  this  is  not  the  case, 
the  load-indication  cannot  quite  agree  with  the  theory  in  (dj,  d). 

Starting  with  the  assumptions  indicated  by  Fig.  J7<?,tf  (equilibrium 

=  i-i,  motion  =  2-2)  we  shall  have  for  scale  placed  at  distance  = 
m  and  play  of  pendulum  n  under  angle  a  : 

tang  ct  =  n/m  and  a  = ; 
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the  length  of  the  theoretical  lever-arm  a',  will  be,  if  the  direction  of 
force  remain  parallel  as  required  by  the  theory  : 

a\  =  a  cos  a^ 

when  a  =  length  of  the  short  arm  of  the  pendulum. 

If  the  rod  20,  Fig.  2,  PL  9,  has  a  length  =  ^,  and  assuming  that 
the  arc  described  by  the  long  end  of  lever  19  be   replaced  by  the 

broken  line  12  for  small  motion,  the  ends  will  describe  the  paths  i 
and  2  during  play  =  «.  The  rod  b  will  assume  the  position  /"„ 
instead  of  jP,  as  required  by  the  theory.  Hence  the  force  P  no 
longer  acts  at  leverage  a\^  but  the  smaller,  a^.  If  fi  be  the  angle  of 
obliquity  of  b  by  change  of  position  from  i  to  2,  we  shall  have  : 

.     ^       la  —  a  cos  a\ 
sin  p  =  ( 7 j  and  /o  =  .  • . . ; 

hence  the  leverage  will  be : 

a,  =  a{cos  a  -f  /?). 

For  the  small  Pohlmeyer  machine  (machine  N of  the  Labo- 
ratory) the  error,  if  «  =  4.8  in.  (50  t.),  m  =  13.54  in.,  a  =  4  in.  and  b 
=  10  in.,  becomes 

4  8 
^^^  ^  =  T77T  =  0-34884;  «  =  19°  13'  50" 

a\  =  4  cos  19°  13'  50"  =  3.7173  in. 

sin  /3  =  ^— ^  =  0.02232;  /?  =  1°  16'  44" 

«  +  /?  =  20°  30'  34" 
a,  =  4  cos  20°  30'  34"  =  3.6874  in, 
^  =  a',  —  tf,  =  0.0299  in. 

— r  =  0.002  or  -J  =  o.8j^. 
a\  ^^ 

The  force  P  must  be  increased  by  this  amount  if  it  acts  in  the 
direction  P^  instead  of  P\, 

u  Conditions  actually  differ  slightly  from  those  here  assumed 
for  simplicity's  sake.  These  examples  may  suffice  if  it  be  stated 
that  by  proper  design  the  errors  may  be  reduced  even  for  initial 
positions  of  lever  a  and  rod  b.  The  designer  as  well  as  the  owner 
will  always,  however,  have  to  contend  with  the  initial  errors  of  erec- 
tion of  the  machine,  and  with  the  circumstance  that  all  details  and 
levers  undergo  elastic  deformation,  which  must  be  considered  in 
exact  calculation.  The  position  of  the  supporting  surface  of  the 
pendulum  also  affords  convenient  means  (sj4e)  to  eliminate  the 
errors  of  the  entire  lever  system.  This  adjustment  could  moreover 
be  made  by  actual  trial,  by  raising  or  lowering  the  bearing  surface, 
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thus  making  the  effective  radius  r  of  the  roller  positive  or  negative. 
This  method  will  be  pursued  at  the  Laboratory  to  a  certain  extent 
to  adjust  the  Pohlmeyer  machines,  which  are  for  many  reasons 
very  convenient,  to  the  greatest  nicety.  At  present  approximate 
adjustment  is  attained  by  shifting  the  block  23  in  accordance  with 
results  from  standard  bars,  and  final  corrections  are  applied  when 
great  accuracy  is  required.  Practically  it  suffices  to  adjust  the  block 
by  results  with  standard  bars  so  that  distance  m  gives  correct  results 
at  20  tons  load;  this  reduces,  as  explained,  the  effective  error,  which 
remains  below  \io  of  the  indication. 

k.  The  transmission  of  pendulum  motion  by  means  of  the  double 
trout  line  is  slightly  defective  in  spite  of  its  certainty.  This  error 
is  produced  by  the  variable  length  of  string  because  of  its  travelling 
in  a  spiral  line.  If  the  variable  length  in  extreme  position  of  string 
be  20  mm,  thickness  of  string  =  0.5  mm,  diam.  of  roller  =  7  mm, 
then,  according  to  Fig.  378^,  we  shall  have  for  5  revolutions  of  roller 
a  maximum  error : 


A  =  f  (0.5  .  2.5)'  +  20*  —  20  =  0.036  mm  =  0.0014  in., 

or  expressed  in  revolutions  of  roller: 

0.036 

A  = =  0.0016. 

21.99 

Hence  the,  error  of  reading  in  most  unfavorable  position  would  not 
amount  to  0.2^. 

/.  The  errors  previously  discussed  partly  balance  each  other. 
Intelligent  manipulation  will  certainly  produce  a  very  considerable 
diminution  of  errors  ;  this  is  done  to  a  great  extent  if  the  machine 
be  calibrated  by  a  standard  bar,  following  the  suggestions  made  in  /'. 
Nevertheless  it  is  quite  generally  advisable  to  make  sure  by  direct 
calibration  from  time  to  time  that  their  accuracy 
is  unchangeable,  or  to  determine  their  degrees 
o  f  e  r  r  o  r.*  It  is  not  strictly  admissible  or  necessary  to  consider 
a  machine  as  accurate  if  this  accuracy  has  not  been  determined  by 
unobjectionable  calibration-tests.  The  numerous  calibrations  made 
by  the  Charlottenburg  Testing  Laboratory  on  its  own 
and  other  machines  have  amply  demonstrated  that  even  in  machines 
well  constructed  and  finely  maintained  it  is  not  very  easy  to  keep 
their  error  below  15^,  as  required  by  the  International  Res- 
olutions (Z  i2S\  Among  foreign  machines  calibrated  by  the 
Laboratory  some  were  found  having  errors  of  i6j^  (Z  22j\ 

*So  as  not  to  be  misunderstood,  I  wish  to  especially  emphasize  the 
point  that  this  statement  is  quite  generally  applicable  and 
does  not  refer  alone  to  the  Pohlmeyer  machine,  here  used  as  an  ex- 
ample. 
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535.  The  machines  ofSchopper,  Michele  and  v. 
T  a  r  n  o  g  r  o  k  i  are  also  based  on  the  principle  of  the  pendu- 
lum-balance. The  scheme  of  the  Michele  machine  is 
shown  by  Fig.  379  (Z  183,  p.  13,  PL  II,  Fig.  8);  it  was  built 
(in  1878?)  for  forces  of  looo  and  1500  lbs.  It  is  intended  for 
tension-tests  of  cement,  and  should  be  very  good  for  this  pur- 
pose when  well  constructed.  It  is  driven  by  a  crank  and  worm- 
wheel  which  acts  on  the  parallel-  motion  lever  a^.  The  other 
lever,  a^  is  the  short  arm  of  the  pendulum-balance,  the  long 
arm,  by  of  which  carries  the  pawl  j,  indicating  the  load  by  the 
scale.  In  order  that  the  weight  /  may  not  drop  at  instant  of 
rupture  the  stop  f  is  provided,  which  permits  the  holders  to 
separate  about  0.4  to  0.6  in.  The  principle  can  of  course 
be  used  only  on  materials  of  slight  extensibility,  in  which  the 
true  parallelism  of  motion  cannot  be  materially  disturbed* 
The  error  of  the  parallel  motion  detail  becomes  too  great  in 
very  extensible  materials,  and  the  scale  will  no  longer  indicate 
the  correct  moment  of  force.  The  scale  can  then  no  longer 
remain  uniform  in  the  Michele  machine,  as  i$  the  case 
in  the  Pohlmeyer. 

536.  The  Schopper  machines,  PL  11,  Figs.  1-8,  are 
especially  intended  for  tension-tests  under  light  loads,  for 
thread,  paper,  cloth,  wire,  etc.  Since  1890  they  have  been 
built  of  capacities  of  10,  100,  5cx>,  1000,  and  I5cx>  kgs  (22, 
220,  1 100,  2200  and  3300  lbs.);  these  smaller  machines  have 
given  great  satisfaction  in  official  tests  of  paper  and  cloth 
at  the  Charlottenburg  Laboratory  {228).  Frequent 
calibrations  of  the  machines  invariably  showed  errors  of  less 
than  1%.  The  scheme  of  the  machine  is  shown  in  Fig.  380. 
The  axis  of  the  pendulum  7  is  supported  on  friction  rollers. 
The  short  lever  carries  an  arc  which  supports  the  holders  6  by 
means  of  a  G  a  1 1  chain ;  hence  the  length  of  short  arm  re- 
mains constant.  The  long  lever  carries  the  pendulum-weight, 
and  an  automatic  pawl  which  engages  a  curved  ratchet  2 
attached  to  the  frame  of  machine,  thus  arresting  the  pendu- 
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lum  at  the  instant  of  rupture,  and  an  indicator  showing  a  max- 
imum load  on  the  graduated  arc.  The  trailing  indicator  13, 
mounted  on  the  axis  of  the  pendulum,  indicates  extensions  on 
a  scale  14  carried  by  the  latter,  and  also  remains  in  its 
maximum  position  at  the  instant  of  rupture.  This  is  accom- 
plished as  follows:  The  lower  holder  is  attached  to  a  head 
which  fits  loosely  on  the  driving-disk  5,  being  shifted  axially 
by  its  own  weight  at  rupture.  This  actuates  the  small  angle- 
lever  9,  its  stop  releasing  the  rack-bar  12,  which  until  then 
transmitted  the  relative  displacement  of  the  two  holders  by 
means  of  the  gear-wheel  13  to  the  strain-indicator.  The  ma- 
chine is  operated  by  gearing  and  a  worm,  which  after  rupture 
no  longer  affect  the  pendulum  and  strain-indicator,  which 
record  maximum  load  and  strain.  The  latter  is  read  in  ^  of 
length,  because  identical  lengths  of  test-pieces  are  invariably 
used.  This  is  effected  by  running  the  train  of  gears  back- 
ward, after  having  set  the  pendulum  and  upper  holder  at  o, 
until  a  stop  on  screw  5  strikes  the  lever  16,  the  end  of  which 
is  depressed  until  it  strikes  a  stop  on  the  crank  3,  thus 
locking  the  latter  and  preventing  further  motion.  In  this  po- 
sition of  crank  the  distance  between  holders  is  exactly  =  / 
(7  in.  =  180  mm  for  paper  strips).  The  holders  are  eccentric 
clamps,  the  construction  of  which  is  shown  in  PI.  11,  Figs.  5 
and  6. 

537.  A.  von  Tarnogroki  of  Essen/Ruhr  builds 
pendulum-scale  machines  in  many  sizes  from  10  kg  (22  lbs.)  to 
lOOjCKX)  kg  (100  tons). 

W.  Carrington  of  London,  England,  (Z  18 j)  (1878 ?) 
also  builds  paper-testers  on  the  principle  of  the  pendulum-bal- 
ance. 

c.  Spring-balance. 

538.  The  spring,  in  greatest  variety  of  shape,  has  been 
used  as  an  indicator  of  force  since  a  remote  day.  Its  applica- 
tion was,  however,  so  awkward  that  the  apparatus  with  spring- 
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balances  have  not  been  viewed  with  confidence.  Defective 
action  was,  however,  generally  due  to  detail,  and  it  may  be 
asserted,  on  the  basis  of  the  ample  experience  obtained  at  the 
Charlottenburg  Laboratory  during  more  than  15 
years,  and  with  a  large  series  of  machines  and  measuring- 
springs,  that  the  spring  maybe  a  very  good  in- 
strument for  measuring  force  if  correctly  used  and 
calibrated,  and  if  those  limits  of  accuracy  suffice  which  have 
heretofore  (505)  been  demanded  of  testing-machines  and  con- 
sidered ample. 

As  a  matter  of  course  I  must  confine  myself  to  a  selection, 
as  the  number  of  testing-machines  with  spring-indicators  is  very 
great. 

539.  The  principal  condition  to  be  fulfilled  in  the  use  of 
springs  is  that  the  application  of  force  and  attachment  of 
spring  do  not  produce  secondary  stress;  the 
spring  should  be  able  to  assume  changes  of 
shape  produced  by  stress  freely  and  with- 
out constraint.  For  instance,  a  spiral  spring  will  undergo 
correct  extension,  proportional  to  loads  applied,  only  when 
the  direction  of  force  is  axial  without  constraint  during  the 
entire  test,  and  when  individual  rings  do  not  touch  each  other. 
In  closely  coiled  springs,  as  used  in  the  Hartig-Reusch 
and  the  Wendler  machines,  to  be  described  later  on,  ex- 
tensions under  tension  can  only  become 
proportional  to  the  loads,  after  the  instant 
when  all  coils  become  free.  Particular  importance 
should  be  placed  upon  the  connections  with  the  machine  de- 
tails. In  this  respect  I  can  agree  with  the  constructions,  as 
made  in  the  Hartig-Reusch  and  Wendler  machines, 
PI.  1 1,  Figs.  9-27.  H  a  r  t  i  g  clamps  the  ends  of  the  springs  to 
the  cross-bars  by  means  of  screws,  and  provides  the  cross-bars 
with  eyes,  by  which  and  pins  they  are  connected  to  the  carriage 
8  and  the  draw-bar  4,  Figs.  9  and  10.  Aside  from  the  fact  that 
it  is  almost  impossible  to  make  the  points  of  application  of 
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force  exactly  coincident  with  the  axis  of  spring,  the  ends  are 
not  attached  so  rigidly  that  the  springs  cannot  possibly  slip  in 
their  clamps.  If  this  occurs,  the  resistance  of  the  springs  must 
change,  even  though  the  actual  spring  does  not  undergo 
changes  of  properties  of  the  material.  By  means  of  reference- 
marks,  which  indicate  possible  slip,  we  may  have  some  check, 
but  this  is  not  a  satisfactory  condition.  W  e  n  d  1  e  r  uses  the 
same  spring  design,  but  he  secures  the  ends  of  the  spring  by 
means  of  screws,  riveting  and  soldering,  instead  of  clamping, 
and  then  also  files  marks  into  the  spring  and  the  socket,  to  in- 
dicate any  possible  slip,  which,  however,  has  thus  far  not  been 
observed  to  take  place  at  Charlottenburg.  The  at- 
tachment of  the  W  e  n  d  1  e  r  spring  to  the  machines  is  still 
more  unfavorable  than  that  of  the  H  a  r  t  i  g  ;  it  will  hardly 
remain  without  secondary  effects  on  the  spring  in  any  case. 

540.  The  Hartig  spring  connection,  of  course,  permits 
adjustment  of  the  spring  to  a  definite  scale,  and  readjustment 
of  a  spring  to  the  same  scale  possibly  altered  by  varying  the 
length  of  wire  (revolutions),  but  I  should  certainly  prefer  to 
work  with  a  spring  of  rigidly  determinate  invariable  length, 
and  to  calibrate  the  spring  from  time  to  time,  determining  its 
possible  changes  and  making  allowance  for  them,  because  every 
machine  requires  frequent  calibration  in  all  its  parts,  in  any 
case. 

541.  In  the  Crosby  indicator  the  question  of  spring- 
connection  has  been  solved  as  shown  in  Fig.  381.  The  spring 
is  duplex,  and  its  upper  ends  are  screwed  several  revolutions  into 
a  block  having  four  vanes,  to  be  able  to  adjust  the  spring  to  a 
definite  scale.  Although  this  connection  is  not  without  con- 
straint, the  many  points  of  contest  in  the  four  vanes  may  pro- 
duce the  same  condition  as  if  the  upper  end  of  the  spring  were 
soldered  or  the  block  cast  about  it.  If  the  block  were  adjusted 
in  the  cylinder  in  such  manner  that  the  sphere  attached  at  the 
other  end  were  made  to  move  in  the  axis  of  the  spring,  which 
is  readily  done  by  turning  off  the  upper  end  of  the  block  after 
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attaching  the  spring,  the  latter  must  absorb  the  force  of  the 
piston  connected  to  the  sphere  without  constraint  or  flexure. 

In  every  case  in  my  designs  where  reliability  was  impor- 
tant I  used  open  springs,  and,  where  possible,  connected  directly 
to  parts  of  the  machines,  without  intermediate  details,  as  is 
done  in  many  spring-balances,  etc.     See  Fig.  382. 

542.  The  scheme  of  the  Hartig-Reusch  machine, 
PI.  II,  Figs.  9-13,  is  shown  by  Fig.  383.  The  test-piece  is 
attached  by  one  end  to  the  machine  (by  means  of  the  abutment 
12,  Figs.  9  and  10,  adjustable  to  length  of  test-piece).  The 
other  end  is  attached  to  a  carriage  8,  which,  running  on  rails, 
carries  a  pencil.  A  measuring-spring  7  is  provided  between 
the  carriage  and  straining-mechanism,  the  extension  of  which 
as  a  measure  of  load  is  transmitted  to  the  rack  14,  which  by 
means  of  the  toothed  sector  15  and  rack  18  converts  this  mo- 
tion into  a  vertical  motion  of  the  pencil,  which  therefore  is  a 
measure  of  force  transmitted  to  the  test-piece.  The  relative 
deformation  of  the  bar  is  measured  by  the  horizontal  motion 
of  the  carriage  8,  as  the  pencil  records  this  motion  on  the  card 
20  attached  to  the  frame  of  the  machine.  In  order  that  the 
spring  does  not  recoil  at  the  instant  of  rupture  and  injure  the 
apparatus,  a  pawl  and  ratchet  22  is  provided,  which  prevents 
it.  Power  is  applied  by  worm-gearing  by  hand  or  belt.  Ca- 
pacity is  44  lbs.  (20  kg)  ;  readily  interchangeable  springs  of  9, 
20,  and  44  lbs.  capacity  are  used.  The  apparatus  is  built  by* 
Oskar   Leuner,  Dresden. 

Because  of  its  convenient  form  and  simple  design,  and  also  the 
copious  and  valuable  work  of  H  a  r  t  i  g,  and  of  his  assistants  and 
students  (Hugo  Fischer,  Mueller,  Connert  and  others), 
the  machine  has  acquired  a  well-deserved  reputation.  It  is  particu- 
larly valuable  for  purposes  of  instruction,  although  it  does  not  ful- 
fil strict  requirements.  I  prefer  to  use  it  for  my  students'  work, 
because  it  admits  of  individual  work  more  readily  than  larger  ma- 
chines, and  makes  it  possible  to  enlarge  the  field  of  experiment 
without  great  loss  of  time  and  expense. 

I  determined  its  sources  of  error  very  carefully  and  exhaustively 
when  it  was  to  be  used  for  official  paper-tests  at  the  C  h  a  r  - 
lottenburg  Laboratory.     I  shall  merely  refer  to  this  pub- 
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lication  (Z  S2y  and  ^^5)^  because  it  will  suffice  to  discuss  tests  of 
springs,  in  connection  with  the  W  e  n  d  1  e  r  machine,  in  the  next 
section.  A  study  of  this  report  will  again  demonstrate 
the   necessity   of   regular  calibration  of  machines. 

543.  The  W  e  n  d  1  e  r  machine  is  built  especially  for  test- 
ingpaper.  It  was  created  in  the  Charlottenburg  Labora- 
tory because  of  my  advertisement  in  i886  {L  226)  for  a  special 
machine  for  testing  paper ;  this  suggestion  also  brought  forth 
the  Sc  hopper  machine  (sj6).  The  W  e  n  d  1  e  r  machine 
is  based  on  the  principle  of  the  Hartig-Reusch;  it  is 
shown  by  Fig.  384  and  on  PI.  11,  Figs.  24-27.  The  load  is 
indicated  by  spring  1 1  with  recoil-check  14,  and  it  is  driven  by 
worm  and  gear.  The  extensions  of  spring  1 1  are  transmitted 
to  the  indicator  19,  indicating  loads  in  kg  on  the  scale  i8. 
This  indicator  carries  a  scale  at  the  other  end,  divided  in  ^  of 
gauge-length  =180  mm.  The  indicator  attached  to  the  other 
grip  indicates  the  relative  motion  of  both  grips  on  this  scale, 
hence  the  elongation  of  test-strip  in  ^  of  l^,  of  course  under 
the  assumption  that  there  is  no  slip  in  the  grips.  The  grips 
are  eccentric  cams,  and  slipping  rarely  takes  place ;  lead-pencil 
marks  drawn  on  the  paper  at  the  grips  prove  this. 

The  Wendler  machines  of  the  Laboratory  are 
operated  in  groups  of  four  by  one  small  water-motor  and  belts. 
Each  machine  is  provided  with  an  automatic  release  designed 
by  myself.  The  recoil-ratchet  is  attached  to  a  lever,  21,  which 
can  move  by  a  small  amount.  This  motion  is  transmitted  to 
the  angle-lever  stop  24,  which  releases  the  angleJever  25, 
causing  the  driving-worm  to  drop  out  of  gear;  the  machine 
stops  and  load  and  elongation  may  be  read  off  on  the  scales. 
One  observer  can  therefore  operate  four  machines.  Springs  of 
15  and  38  lbs.  (7  and  18  kg)  are  provided. 

a.  The  regular  calibration  of  springs  of  the  Hartig- 
Reusch  machines  used  at  the  Charlottenburg  Lab- 
oratory were  described  in  1887  (L  21^,  p.  36).  I  shall  re- 
view these  calibrations,  prefacing  them  with  the  statement 
that    the   very   frequent   calibrations   of  the   springs  of   the 
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W  e  n  d  1  e  r  machines  which  have  replaced  the  former  since 
that  date  have  not  shown  any  changes  of  any  kind  in  these 
springs.  The  springs  are  as  reliable  at  the  present  day,  after 
many  years'  use,  as  at  the  beginning. 

The  springs  are  tested  by  means  of  carefully  measured 
angle-levers  attached  to  the  machine-frame  by  special  auxil- 
iary devices,  PI.  1 1,  Figs.  27  and  30.  The  san  e  sealed  weights 
are  invariably  used  for  loading.  The  load  is  brought  to  a 
balance  by  the  machine,  thus  transmitting  all  of  it  to  the 
spring.  Relative  extensions  are  either  recorded  on  the  paper,, 
as  in  the  Hartig-Reusch,  or  read  off  on  the  millimeter- 
or  load-scale,  as  in  the  W  e  n  d  1  e  r .  The  mean  readings  of  five 
series  of  observations  for  identical  increments  are  compared  in 
successive  tests  with  the  scales  provided,  or  used  as  data  when 
constructing  the  spring-scales  for  new  machines. 

In  the  latter  case  extensions  are  first  read  off  on  the  milli- 
meter-scale. The  series  of  differences  for  load  increments  are 
then  calculated  to  determine  those  loads  beyond  which  the 
springs  extend  proportionately  to  the  loads.  The  readings  are 
tabulated  as  in  Table  35. 

b.  With  this  mean  value  of  proportional  extension  Am  = 
7.593  mm  for  0.5  kg  load,  a  scale  between  limits  i  kg*  to  6  kg 
is  calculated,  and  opposite  to  it  are  placed  the  readings  in 
Table  35,  as  has  been  done  in  Table  36  (again  only  for  loads). 

Table  36  contains  the  comparison  of  5  defective  scales, 
from  which  a  satisfactory  one  is  to  be  deduced.  With  this 
scale  assumed  to  be  correct,  each  of  the  erroneous  scales  can  be 
compared.  It  would,  however,  be  incorrect  to  adjust  the  one  o 
to  the  other,  because  these  also  contain  errors.  Therefore  the 
scales  to  be  compared  must  be  shifted  in  such  manner  that  all 
divisions  agree  as  nearly  as  possible,  i.e.,  so  that  the  errors  still 
remaining  become  a  minimum.    This  procedure  can  be  applied 

*  I  have  here  reprinted  the  tables  in  (Z  21$)  in  abbreviated  form,  as 
they  are  to  serve  merely  as  an  example.  For  each  individual  case  it  must 
be  decided  whether  the  scale  of  spring  is  to  be  determined  for  the  case  of 
loading,  generally  sufficient,  or  also  for  the  mean  of  loading  and  release. 
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to  the  five  series  of  observations  by  considering  each  shifted 
with  relation  to  the  next  by  an  amount  equal  to  the  means  of 
Table  36,  i.e.,  by  deducting  them  from  the  observations. 
Thus  the  comparison  given  in  Table  37  is  obtained  (again  for 
loads  only). 

Table  35.    Spring  No.  1  far  6  kg  CapBcitj. 
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Table  87.    Spring  No.  1  for  6  kg. 
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As  means  of  series  for  loading  and  xelease  values  below  were  found  (L  ais\ 


Mean 


— X3-56 


—7.18 


.05 


7.39 


15.05 


82.75 


30.38 


38.  X4 


45.76 


53.89 


60.8a 


68.36 


75.87 


The  most  suitable  scale  for  series  x-5  (loading  and  release)  was  deduced  from  last  series  in 
Table  37,  by  substituting  for  the  mean  value  of  zero  of  scale  (for  load  =  okg).  The  dif- 
ferences between  the  last  series.  Table  37,  and  the  scale  constructed  from  the  mean  value  7.593 
mm  for  0.5  kg,  Table  35,  are  found  from  Table  38. 


Table  88.    Spring  No.  1  for  6  kg. 


Loads  in  kg. 

0.0 

0.00 
0.00 

o.s 
6.38 

x.o 

X.5 

ao.95 
ai.15 

a.o 

9-5 

3.0 

3-5 

4.0 

4-5 

50 

5*5 

6.0 

«)  Mean 

readings. 
h)  Calcu- 
lated scale 

X3.50 
X3-56 

a8.6x 
28.75 

36.31 
36.34 

43-94 
43.93 

5«.TO 

5«.73 

59«3a 
59.  XB 

66.85 
66.7X 

74.38 
74.30 

8X.99 
81.90 

89.43 
89.49 

c)  differ- 
ences a-b 

—0.06 

— o.ao 

-0x4 

—0.03 

4-001 

40.X7 

-VC.90 

-fo.X4 

+0.08 

-fo.oa 

—0.06 

c.  In  Table  39  a  few  values  are  given  which  were  obtained 
in  the  regular  calibration  of  the  springs  of  the  W  e  n  d  1  e  r 
apparatus  used  at  the  Charlottenburg  Laboratory 
to  show  to  which  degree  they  are  reliable  and  how  little  they 
change. 

It  may  be  observed  that,  after  spring  5  had  been 
shown  to  have  a  wrong  o  by  the  first  two  calibrations,  the 
scale  was  shifted  accordingly.  The  mean  errors  thereafter  are 
less  than  0.2^.  [Similar  comparison  of  the  calibration  of 
Hartig-Reusch  apparatus  will  be  found  in  L  21^^  pp. 
38  and  39.] 
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43^  IV.  Testing-machines.  (544,  545.) 

544.  L  e  u  n  e  r  *  s  machine  is  also  a  modification  of  the 
H  a  r  t  i  g,  only  the  recording-device  differs  {L  224).  While 
referring  to  the  exhaustive  description  in  the  reference  I  wish 
to  present  its  construction  diagrammatically  in  Fig.  385. 
Loads  are  applied  and  force  is  measured  as  in  the  Hartig 
machine.  The  recording-drum  10  is  mounted  on  a  revolving 
axis  6  of  a  carriage  moving  on  rollers  attached  to  the  frame. 
This  carriage  also  carries  a  vertical  axis  7,  provided  with  bevel- 
gear  and  sheave  8.  The  band  (steel)  9  is  stretched  across  the 
frame  i.  When  the  test-bar  2  extends,  the  bevel-gear  7  will 
cause  the  drum  10  to  revolve.  The  extension  of  spring, 
measuring  the  force  applied  to  test-piece,  moves  the  pencil 
parallel  to  the  axis  of  the  drum,  thus  producing  a  diagram  ; 
13  indicates  a  recoil-check. 

545.  Leuner  also  built  such  a  machine,  but  with  a 
hydraulic  cylinder.  This  machine  is  described  and  illustrated 
in  (Z  22^) ;  it  is  here  shown  diagrammatically  by  Fig.  386. 

The  stress-strain  diagram  is  recorded  as  before.  The  strain- 
ing mechanism  and  load-indicator  are  modified.  Loads  are 
applied  by  means  of  screw-power  4  and  hydraulic  press  12, 
which  forces  the  oil  into  cylinder  13.  The  piston  directly  con- 
nected to  test-piece  s  contains  a  smaller  cylinder  14,  the 
piston  of  which  actuates  the  measuring-spring  5  by  the 
hydraulic  pressure  back  of  it,  its  extension  being  transferred 
to  the  pencil  by  means  of  1 1.  The  recoil-device  is  replaced  by 
check-valve  15.  In  this  design  the  measuring-spring  5  receives 
but  a  small  part  of  the  total  load  in  ratio  of  diameters  of 
pistons  13  and  14.     The  machine  is  built  up  to  a  capacity  of 

2200  lbs.  (1000  kg). 

The  Leuner  machines  require  frequent  calibration  of  ma- 
chine and  of  springs,  as  will  be  seen  from  the  design,  because 
a  rather  complicated  apparatus  acts  between  the  test-piece 
and  load-indicator,  the  frictional  resistances  of  which  affect 
measurements.  It  will  be  necessary  to  secure  accurate  knowl- 
edge of  sources  of  errors  of  all  moving  parts,  as  I  did  in  the 
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Hartig-Reusch  machine  (Z  227,  215).  This  is  especially 
true  of  the  hydraulic  machine,  in  which  piston  and  packing 
friction  are  present. 

S46*  Instead  of  a  spiral  spring,  any  other  spring  having 
proportional  deformations  may  be  used.  I  made  use  of  this 
principle  in  a  small  machine  for  tension-tests  which  I  had 
constructed  for  the  Charlottenburg  Laboratory  by 
our  mechanic,  E.  B  o  e  h  m  e,  in  1885.  The  machine  was  a 
final  link  in  a  series  of  designs,  which  I  used  for  the  purpose 
of  determining  the  effect  of  time  on  speed  of  extension  and 
resistance  of  sheet  zinc  {282—2^4).  I  have  reported  upon  the 
difficulties  met  with  and  the  various  tests  made  to  achieve  my 
purpose  in  great  detail  in  (Z  7/5).  I  here  wish  to  repeat  the 
following,  taken  from  that  report : 

It  was  the  problem  to  construct  a  load-indicator  "which 
would  produce  release  under  a  very  slight  extension  of  the 
test-piece.  It  is  only  possible  to  obtain  this  result  by  means 
of  a  spring  of  very  slight  extensibility,  especially  when  it  was 
to  be  the  load-indicator  and  be  connected  directly  with  the 
test-piece.  In  the  Hartig-Reusch,  Wendler,  and 
other  machines  having  spiral  springs  of  great  extensibility, 
this  favorable  method  of  loading  cannot  be  obtained,  because 
the  extension  of  spring  sufficient  to  produce  release  is  as  a  rule 
greater  than  the  total  expansion  of  the  test-piece.  As  a  result 
the  material  flows  more  rapidly  before  rupture,  which  is  of 
great  influence  on  results  of  tests,  especially  in  soft  mate- 
rials, such  as  zinc. 

"  Springs  of  slight  extensibility  are  obtained  by  using  rods 
stressed  to  points  within  the  proportional  limit.  Such  a  bar 
is  placed  between  the  test-piece  and  the  abutment  of  the 
machine.  As  its  total  extension  is  but  a  fraction  of  a  milli- 
metre (parts  of  3^^  inch),  it  must  be  made  manifest  by  magnifi- 
cation. This  may  be  done  in  several  ways,  as  by  use  of  mirror 
apparatus  and  telescopic  readings  (5-/<?),  by  use  of  microscope, 
by  use  of  mechanical  multiplication,  etc.  (5^7).     The  attempt 
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to  use  the  principle  stated  for  purposes  of  recording  diagrams 
was  made,  to  my  knowledge,  simultaneously  and  independently 
by  myself  and  by  Kennedy  (Z  182) ;  however,  the  idea  is 
so  simple  and  close  at  hand  that  it  certainly  has  been  consid- 
ered and  tried  by  others ;  among  apparatus  of  this  kind  may 
be  mentioned  Fraenkel'sExtensometer  and  B  a  u  sc  h- 
i  n  g  e  r  *  s  standard  bar  for  the  W  e  r  d  e  r  machine  [L  e  u  n  e  r 
used  this  principle  lately  (5-^7,  5^<?)].  Kennedy  recorded 
the  extensions  of  the  measuring-bar  multiplied  mechanically. 
I  desisted  from  such  a  method  on  principle,  because  I  dreaded 
the  inertia  of  the  moving  masses,  as  well  as  all  play  and 
mechanical  defects,  which  cannot  be  avoided  in  an  apparatus 
as  complicated  and  fine  as  is  necessarily  required  for  mechan- 
ical magnification.  In  order  to  touch  only  upon  the  essentials, 
attention  must  be  called  to  the  fact  that  in  the  motion  of  a 
pencil  (even  if  it  were  a  marking-point  on  lampblack,  which 
leaves  its  trace,  upon  a  glass  plate  smoked  with  lampblack), 
the  friction  produced  by  writing  must  be  overcome.  If  the 
apparatus  writes  on  a  magnified  scale,  the  force  necessary  to 
overcome  frictional  resistance  of  the  pencil  is  magnified  like- 
wise, and  it  is  easy  to  reach  a  point  at  which  marked  errors 
are  thus  produced.  Long  levers  necessary  for  great  multipli- 
cation bend  and  ^ve  incorrect  records ;  heavy  levers  call 
inertia  into  play.  The  points  of  application  of  forces  at  the 
short  arms  of  levers  can  hardly  be  made  otherwise  than 
as  pivots.  These  pivots  will  then  be  overloaded  under  great 
ratios,  and  play  or  backlash  can  hardly  be  prevented ;  at 
least  it  will  be  found  to  exist  in  a  short  time.  These  consid- 
erations have  caused  me  to  accept  the  drawbacks  contained  in 
the  construction  described  below,  and  to  desist  entirely  from  a 
direct  magnification  of  extensions  of  the  spring." 

The  principle  of  my  recorder  is  shown  in  Fig.  387  and  in 
detail  in  Fig.  388.  The  numbers  refer  to  the  same  parts  in 
both.  The  machine  is  driven  by  a  worm  and  gear  2,  and  loads 
measured  by  the  steel  bar  6.     The  bar  6  is  forced  at  its  right 
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end  against  the  block  8  by  means  of  wedges  and  rubber  washers 
(not  shown  in  Fig.  388),  and  attached  by  a  ball-joint  at  the 
other  end  to  a  carriage  5  mounted  on  rollers,  which  carries 
the  jaw  4  for  holding  the  test-piece  Z,  The  block  10  attached 
behind  the  carriage  5  serves  to  absorb  the  recoil  at  instant  of 
rupture  by  its  clamping  bolts,  and  to  keep  it  away  from  the 
steel  bar.  The  guide  1 1  is  pivoted  to  the  steel  bar  6  by  means 
of  two  screws,  so  that  it  must  travel  with  the  bar  when  it  is 
drawn  away  from  8  by  increase  of  load.  At  the  other  end 
the  guide  11  is  lightly  and  movably  supported  on  block  8, 
carried  by  two  lateral  supports  15  having  hardened  ends 
resting  on  bearing-blocks.  The  guide  1 1  is  similarly  guided 
in  a  horizontal  plane  by  a  guide  and  counter-spring  16.  This 
method  of  guiding  insures  frictionless  and  accurate  motion  of 
II  and  enables  it  to  respond  to  motions  of  bar  6  without 
restraint.  It  should,  however,  be  observed  that  the  slight 
motion  on  a  circular  arc  of  the  end  of  vertical  support  16  is  a 
noticeably  disturbing  element  in  the  diagrams,  although  the 
radius  of  the  arc  is  20  mm  (0.8  in.)  and  the  actual  motion  but 
0.7  mm  (.0273  in.) ;  greater  length  of  the  support  or  use  of  a 
roller  therefore  seems  advisable.  This  error  has  no  eflfect  on 
accuracy  of  load-measurements.  The  guide  carries  at  its  end 
a  very  neatly  finished  diamond-holder  12,  held  between 
hardened  pivots  and  working  without  play.  This  holder  has  a 
counterpoise  to  accurately  regulate  the  pressure  of  the  diamond 
point  on  the  glass.  Besides  this,  the  holder  carries  an  adjustable 
rider  for  the  purpose  of  shifting  the  centre  of  gravity  of  the 
diamond-holder  over  the  supporting  axis,  and  to  cause  the 
holder  to  tip  by  the  recoil  of  rupture  of  test-piece,  thus  lifting 
the  diamond  from  the  glass  plate.  To  prevent  the  recoil  from 
causing  it  to  again  drop  on  the  glass  plate,  it  is  caught  by  a 
spring  on  its  first  tilting,  which  hooks  over  the  balance-weight 
screw.  This  detail  should  be  very  carefully  adjusted  to  work 
properly,  and  is  a  difficult  matter.  The  centre  of  gravity  of 
the  whole  must  in  the  first  place  be  sufficiently  high  above  the 
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axis  of  support,  and  secondly  be  sufficiently  near  to  the  diamond 
to  insure  tipping  under  recoil  and  also  correct  loading  of  the 
diamond.  Furthermore,  the  motion  of  the  holder  necessary 
to  cause  the  spring  to  catch  must  be  small  enough  to  cause 
locking  even  under  slight  recoil.  This  requires  a  weak  spring, 
so  as  not  to  arrest  the  motion  of  the  holder  and  thereby 
prevent  locking.  If  the  holder  is  not  caught,  the  diamond 
point  will,  as  a  rule,  strike  the  glass  with  sufficient  force  to 
destroy  a  material  part  of  the  diagram,  even  when  the  marks 
of  the  blow  are  not  visible  to  the  naked  eye.  The  variable 
thickness  of  glass  plates  used  is  especially  disturbing ;  uniform 
thickness  must  be  maintained.  The  glass  plates  are  of  the  size 
of  the  standard  disks  for  microscopic  preparations.  They  are 
secured  to  the  carefully  ground  table  13  running  on  rollers. 
This  table  is  moved  by  a  micrometer-screw  and  counter- 
spring  14.  In  order  to  eliminate  the  errors  produced  by 
defective  end  surfaces  from  "the  action  of  the  micrometer- 
screw,  a  short  support  with  hardened  points  is  inserted  between 
the  screw  and  table.  The  screw  is  carefully  cut  and  without 
lost  motion  in  the  nut.  The  screw  is  driven  either  by  hand 
or  by  a  very  fine  watch-spring  20  by  the  extension  of  that 
part  of  test-piece  from  17  to  17.  For  this  purpose  a  silk  string 
IS  repeatedly  wrapped  about  a  drum  on  the  screw-spindle 
having  a  weight  of  i  lb.  at  one  end,  the  other  being  attached 
to  the  watch-spring  just  beyond  the  drum.  The  watch-spring 
is  used  to  avoid  the  changes  of  length  which  cannot  be  avoided 
when  using  a  string.  As  the  test-piece  was  held  by  gripping 
wedges  it  became  necessary  to  eliminate  their  slipping  motion 
from  the  measurements  of  extension.  This  was  done  by  using 
lever  18  with  its  two  guide- rollers.  One  end  of  this  lever  is 
connected  to  the  frame  of  the  machine,  permitting  rotation, 
and  the  other  abuts  against  a  clamp  17  on  the  test-piece.  'The 
rollers  are  attached  in  such  manner  that  the  spring-tape  passes 
around  them,  leads  through  the  axis  of  motion  of  the  lever,  and 
also  through  the  plane  of  the  axis  of  the  test-piece  at  17,  thence 
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leading  to  the  other  clamp  17.  Both  clamps  are  separated  by 
a  definite  distance.  This  arrangement  transmits  only  the 
relative  motion  of  the  two  clamps  to  the  carriage  or  slide  13, 
as  all  motion  of  the  first  clamp  17  merely  produces  motion  of 
rotation  of  lever  18  about  its  suspension-point.  The  revolutions 
of  screw  14  may  be  read  off  on  a  disk  divided  into  10  parts. 

The  diagram  is  produced  on  the  glass  plate  by  the  motion 
of  the  diamond  parallel  to  the  spring  6,  and  a  motion  of  the 
carriage  normal  thereto.  As  the  diagrams  are  so  small  that 
two  of  them  can  be  drawn  within  a  space  -^  in.  square,  it  is 
necessary  either  to  enlarge  them  microscopically  or  photo- 
graphically. Measurement  by  microscope,  however,  requires 
very  sharp  fine  lines.  This  can  be  produced  only  by  so-called 
ground  diamonds  properly  weighted.  The  conical  point  is  the 
most  satisfactory,  because  it  scribes*  with  equal  readiness  in 
every  direction ;  the  angle  of  cone  is  from  60°  to  90°.  The 
laboratory  mechanic  has  constructed  the  machine  described 
in  a  very  careful  manner.  The  construction  does  not  as  yet, 
however,  answer  in  all  respects.  The  machine  will  be  materially 
simplified  and  perfected  by  fixing  the  glass  plate  and  transmitting 
motions  in  two  directions  to  the  diamond  point  in  the  manner 
shown  by  Fig.  389.  The  arrangement  and  support  of  guide 
1 1  may  remain  the  same  as  before  in  a  vertical  direction. 

The  clock-spring  20  should,  however,  be  attached  to  the 
circumference  of  a  large  roller  revolving  on  the  same  axis  as  a 
smaller  one,  by  which  the  guide  1 1  is  moved  laterally  by  the 
spring  20.     This  motion  is  counteracted  by  a  balance-weight. 

The  measurements  of  these  diagrams  were  made  by  use  of 
a  large  Zeiss  microscope  provided  for  this  purpose  with  mi- 
crometers at  objective  and  at  eyepiece.  The  former  measured 
extensions,  the  latter  load  ordinates.  The  objective  A  with 
same  length  of  tube  (sliding  tube)  was  used  for  measurements. 

Very  exhaustive  examinations  of  this  apparatus  have  been 
made  to  determine  its  accuracy  and  are  reported  in  (Z  iiSy  p. 
1 2),  It  will  here  suffice  to  give  the  final  results  of  values  of  loads 


444 


IV.  Testing-machines. 


(547.) 


in  Table  40.  From  these  the  greatest  difference  of  2.8  kg  (6^ 
lbs.)  and  average  diflference  of  about  1.5  kg  (3  J  lbs.)  are  found  be- 
tween the  values  calculated  from  the  diagrams  and  actual  loads. 

Table  40  .—Comparison  of  Final  Resnlts  of  Six  Series  of 

Measurements. 
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■65.42 
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47-44 
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1.727 

T.984 

1.008 
"■833 

1.91a 

48.34 
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— 
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90.85 

1.936 

1.905 

1.899 

1.908 

1.931 

1.872 

1.901 

48 -OS 

The  greatest  variations  between  mean  values  and  individ- 
ual values  are  +  14  and  —  10  in  48  observations.  From  this 
we  see  that  the  apparatus  should  be  used  only  for  tests  in 
which  such  errors  may  be  ignored,  as  is  the  case  in  tests  of 
zinc,  in  which  speed  plays  such  an  important  part. 

547.  The  Kenne  dy- Ashcroft  apparatus  (Z  182, 
1886,  p.  63)  is  arranged  as  shown  in  Fig.  390.  It  is  driven  by 
worm-gearing  2-4  and  loads  indicated  by  standard  bar  5.  The 
recorder  is  attached  to  test- piece  and  standard  bar,  the  card  15 
of  which  is  moved  in  the  direction  of  the  axis  of  the  machine 
by  the  extension  of  the  test-piece  z,  while  the  extension  of  the 
bar-spring  5  is  recorded  on  a  largely  magnified  scale  by  the 
pointer  18.  The  machine  is  designed  in  such  manner  that  the 
record  is  free  from  all  distortions  and  movements  of  all  parts 
of  the  machine  and  of  the  bars  beyond  the  marks  6,  7  and  16, 


<548')  Bar-spring  Machinss.  445 

17.  This  IS  secured  by  use  of  the  levers  10,  ii.  The  well-con- 
ceived apparatus  is  supported  from  the  two  bars  z  and  5  with- 
out constraint.  The  connector  9  (steel  band)  is  attached  to 
point  9,  and  the  upper  arc  on  lever  10,  while  the  lower  arc  on 
this  lever  is  similarly  connected  by  means  of  13  to  the  card  15. 
The  card  15  is  drawn  to  the  right  by  counterweight  14;  it  runs 
on  guides  on  support  12,  which  latter  is  secured  to  point  19 
midway  between  16  and  17.  At  the  other  end  12  is  suspended 
from  lever  11,  attached  by  rod  8  to  the  gauge-mark  7  on  test- 
bar.  Levers  10  and  11  swing  about  a  common  centre.  By 
this  construction  provision  is  made  that  the  card  is  moved  only 
by  the  displacements  of  6  and  7  relative  to  spring  5.  The 
play  in  connecting  detail  between  z  and  5,  as  well  as  the  ex- 
tension of  the  heads,  are  excluded  from  the  record.  The  dia- 
gram does  not  show  how  the  machine  is  supported  hy  z\  it  is 
done  by  lever  11  and  connecting-rod  9.  Th^  indicator  18  is 
operated  by  rods  16  and  17,  as  previously  described  {77^  jSo^ 
ig3)  in  roller  apparatus,  and  transmits  spring  extensions,  i.e., 
the  measure  of  force,  on  a  magnified  scale  to  the  card  15. 

548.  Leuner  also  used  the  principle  of  the  bar-spring 
in  his  latest  apparatus  (1897),  PL  11,  Figs.  28-38.  It  is  built 
up  to  a  capacity  of  11,000  lbs.  (5000  kg).  The  scheme  of  the 
machine  is  shown  by  Fig.  391.  It  is  operated  by  worm-gear- 
ing and  screw  2-4,  loads  indicated  by  bar-spring  (standard  bar) 
29.  The  extension  of  test-bar  z  between  points  19  is  trans- 
mitted by  means  of  rods  15  and  17,  racks  of  which  cause  the 
drum  10  to  revolve  proportionately  to  the  extension  between 
gauge-marks.  This  is  done  by  driving  the  drum  directly  by 
16  and  17;  bar  15  transmits  motion  indirectly  by  gearing  14, 
the  tubular  loose  rack  12  and  the  gearing  13,  which  gears  with 
a  crown  wheel  on  the  rim  of  the  drum.  The  spring  fixed  to 
the  axis  of  drum  revolves  the  latter  loosely  mounted  on  the 
axis,  thus  taking  up  all  lost  motion  of  the  gearing.  The  drum 
and  its  driving  mechanism  are  carried  by  plate  7.  This  plate  7 
is  connected  to  one  end  of  the  bar-spring  29.     A  steel  band  2$ 
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is  connected  to  the  other  end  of  29  and  a  lever  system  26,  27, 
mounted  on  knife  edges,  which  records  extension  of  bar-spring, 
magnified  150  times,  by  means  of  pencil  28.  In  this  case  also, 
secondary  strains  in  holders  and  in  heads  are  excluded  from 
the  record.  Nevertheless  the  Kennedy-Ash  croft  {S47) 
apparatus  should  exceed  the  Leuner  in  accuracy  and  reh'a- 
bility,  because  more  attention  has  been  paid  in  the  former  than 
in  the  latter  to  sources  of  error  arising  from  the  construc- 
tion. 

549.  Leuner  has  also  simplified  his  machine  by  observ- 
ing the  indication  of  force  applied  on  the  bar-spring,  by  means 
of  a  telescope  and  mirror,  PL  11,  Figs.  39-49.  Arms  are  pro- 
vided on  the  cross-heads  5  and  7  on  which  the  bar-spring  6  is 
fixed,  one  of  which,  5,  carries  the  mirror-support  10,  while  a 
clock-spring,  9,  is  attached  to  the  other,  8,  and  wrapped  about 
the  roller  of  mirror  10,  and  strained  by  a  spiral  spring  at  the 
other  end.  The  extension  of  bar-spring  (load-indicator)  is 
read  as  revolution  of  mirror  by  the  telescope  15  on  a  scale. 
The  design  here  used,  which  is  very  useful,  may  be  improved 
in  several  ways.  It  conflicts  with  the  requirements  that  ex- 
tensions should  be  determined  simultaneously  on  opposite 
elements,  and  to  make  flexure  of  the  bar  and  change  of  position 
of  parts  of  the  machine,  in  space,  harmless.  The  great  dis- 
tance of  the  tension-band  9  from  the  axis  of  test-piece  must 
lead  to  flexure.  Attaching  to  connecting  points  on  the  cross- 
heads  5  and  7  must  also  lead  to  uncertainty.  Reading  by  but  a 
single  mirror  does  not  admit  of  the  accuracy  obtainable  by 
mirror  apparatus  {p4  3,  /oo).  The  same  objections  naturally 
apply  equally  well  to  measurements  of  deformations  of  test- 
pieces  with  but  a  single  mirror  mounted  on  one  side  of 
the  holders.  The  arrangement  of  this  mirror  11  is  the  same 
as  that  of  10.  I  believe  that  better  results  might  be  obtained 
by  simpler  means.  It  will  certainly  be  necessary  to  prove  the 
machines  as  to  their  sources  of  errors. 

The  fundamental  idea  described  in  S4^S49  rnay  also  be  ap- 
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plied  by  using  the  members  of  existing  ma- 
chines as  springs  for  recording  force.  This  is 
possible  in  all  cases  where  a  member  is  positively  strained  in  an 
invariable  manner,  as  is  the  case  with  straining-screws,  scale- 
levers,  or  other  parts  subjected  only  to  tension,  transverse,  crush- 
ing or  torsional  stress.  I  have  used  this  idea  for  a  time  with  the 
W  e  r  d  e  r  machine.  If  it  be  skilfully  applied,  it  may  lead 
to  very  simple  machines  of  great  power. 

Fremont  made  use  of  this  principle,  carrying  out  an 
idea  similar  to  that  of  H  u  n  t  {217),  using  the  elastic  deforma- 
tions of  a  machine-frame  and  the  work  done  in  punching  metal 
plates  to  produce  a  diagram  by  means  of  an  automatic  re- 
corder {L  2^6).  The  forces  (deformations  of  machine-frames) 
are  recorded  by  a  largely  magnifying  lever  system  acting  on  a 
pencil,  on  a  card  moved  by  the  motion  of  the  punch  or  shears. 
The  objections  previously  made  {217)  must  be  raised  against 
this  procedure,  but  one  should  not  disregard  the  importance 
and  value  of  the  Fremont  and  Hunt  propositions.  The 
Henning  Pocket  Recorder  has  also  been  used  for 
the  same  purposes,  and  is  the  simplest  and  most  satisfactory 
apparatus  ever  applied  to  it.  While  the  Fremont  and 
Henning  Recorders  are  directly  applicable  to  any  machine, 
the  Hunt  is  designed  for  a  hydraulic  machine,  and  is  sub- 
ject to  additional  errors,  and  applicable  only  to  hydraulic 
machines. 

d.  Load-Indication^  Hydraulic. 
1.  Gauges. 

550.  The  simplest  method  of  measuring  force  is  that  of 
me  asu  r  in  g  t  h  e  pressu  re  in  thehydraulic  cyl- 
inder of  the  testing-machines.  It  may  be  done  by  gauges 
of  well-known  types,  especially  by  spring-gauges  for  high  press- 
ures, or  mercury-gauges  for  small  pressures.  There  can  be  no 
doubt  that  the  construction  of  our  testing-machines  might  be 
greatly  simplified  if  it  were  possible  to  perfect  this  measure- 
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ment  so  as  to  reduce  the  errors  of  load-indication  to  less  than 

That  it  is  not  hopeless  to  arrive  at  this  condition  I  have 
repeatedly  demonstrated  {476).  It  is  necessary  to 
make  piston-packing  frictionless  (Am  a  gat, 
Mari6,  Amsler),  or  that  the  packing  friction 
be  known  (Mari6,  Flad,  Hick),  and  that  care 
be  had  that  it  be  eliminated  (Amsler,  Wick- 
steed)  or  be  maintained  uniformly.  It  is  furthermore 
necessary  to  employ  gauges  which  are  as  nearly  accurate  as 
possible  and  permanent  in  indications  (double-spring  gauge, 
mercury-gauge);  spring-gauges  must  therefore  be  protected 
from  sudden  variations  of  pressure  {4^^)* 

Gauges  are  such  well-known  instruments  that  it  will  suffice 
to.  discuss  them  only  in  so  far  as  they  are  of  interest  in  testing 
materials  {L  2J4). 

551.  For  direct  measurement  of  pressures  in  hydraulic 
cylinders  it  is  always  a  question  of  high-pressure  gauges,  hence 
of  the  Bourdon  tubular  steel  spring-gauges.  Very  reliable 
and  sensitive  Bourdon  gauges  for  pressures  up  to  several 
thousand  atmospheres  may  be  had,  but  they  should  always  be 
used  in  pairs  (duplex  gauges,  standard  gauges)  simultaneously, 
in  order  to  indicate  any  change  instantly.  The  Testing  Labora- 
tory has  lately  had  its  gauges  graduated,  not  in  atmospheres, 
but  in  circular  scales,  and  a  table  of  values  of  readings  is  ob- 
tained from  actual  trial  for  each  gauge,  from  which  loads  are 
obtained  directly.  This  has  been  done  because  graduated  circles 
are  more  neatly  made  than  the  coarse  dials  furnished  by  the 
gauge  manufacturers,  and  because  more  accurate  readings  can 
be  made.  In  future  the  dials  will  be  mounted  on  a  pivot,  so  that 
they  can  be  adjusted  to  zero  in  case  of  changes  in  the  multi- 
plying mechanism.  In  order  to  make  such  changes  instantly 
visible,  the  stops  have  been  removed  from  many  instruments 
in  the  Laboratory ;   each  change  then  becomes  the  cause  for 
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recalibration.      Besides    this,   all   instruments    are    calibrated 
regularly. 

Attention  may  be  called  to  the  fact  that  the  Physic  o-T  e  c  h  - 
nical  Imperial  Institute  at  Charlottenburg  is  admi- 
rably equipped  for  calibrating  gauges,  and  that  orders  for  such 
calibrations  are  executed  very  cheaply.  Recently  W  i  e  b  e  pub- 
lished a  report  thereon  (Z  234).  The  author  gives  a  r^sum^  pf  the 
very  instructive  results  which  were  there  obtained  by  calibration  of 
gauges.  It  may  be  accepted  from  his  statements  that  the  accuracy 
of  indication  of  high-pressure  spring-gauges  is  as  a  rule  far  within 
l^.  High-pressure  gauges  belonging  to  the  Imperial  Institute, 
repeatedly  tested  at  various  times,  required  the  corrections  below 
at  200  at.  pressure: 


Test 

I 

2 

3 

4 

a 

-1.25 

-  I-5I 

-0.79 

—  0.90 

b 

—  O.II 

-0.39 

--0-33 

+  O.II 

c 

+  0.02 

—  0.24 

--  0.06 

+  0.09 

The  variations  in  the  results  of  repeated  calibrations  may  be 
considered  very  small  for  our  practical  purposes.  Moreover,  the 
corrections  for  gauge  a  might  be  reduced  materially  if  it  were  pro- 
vided with  an  adjustable  dial  (jj"^),  because  the  corrections  de- 
duced from  all  the  series  of  observations  are  all  negative  and  almost 
identical;  they  would  have  been  greatly  improved  by  shifting  the 
zero  point  (j<7,  ^)- 

W  i  e  b  e  estimated  the  probable  error  of  a  single  reading  in  his 
test  as  about  ±  0.05  kg  (=  o.ii  lbs.).  Thermal  changes  produced 
variations  of  gauge- readings  in  his  tests  of  +  0.04  lbs.  for  1°  C.  up 
to  100  at.  pressure. 

For  direct  record  of  force  the  numerous  existing  recording- 
gauges  may  be  used,  and  several  types  have  been  used  for 
this  purpose.  I  shall  refer  to  one  or  the  other  of  these 
presently, 

552*  Spring-gauges  have  been  frequently  used  for  indi- 
cating force.  I  mention  one  of  the  earliest  testing-machines, 
that  of  J.  Whitworth  &  Co.,  Manchester  (1850); 
its  plan  is  shown  by  Fig.  391^. 

553*  Gauges,  and  especially  mercury-gauges,  are  largely 
used  after  a  greater  or  less  reduction  of  pressure.  This  re- 
duction IS  obtained  by  intermediate  levers  or  by  hydraulic 
devices.     The   hydraulic   reducers   are,  however,   not  always 
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attached  directly  to  the  press,  but  they  are  frequently  com- 
bined with  the  gauge  (5(5/,  a).  This  is  the  case  in  the  large 
machines  designed  by  Kellogg,  described  in  (^/j  and  424)* 
I  wish  to  discuss  these  arrangements  later  on  in  common  with 
hydraulic  chambers,  etc.,  without  regard  as  to  whether  the 
pressure  is  measured  in  the  power-cylinder  or  in  a  special 
hydraulic  load-indicator.  I  shall  also  at  that  place  discuss  the 
details  of  construction  of  mercurial  gauges.  At  this  place  I 
shall  merely  revert  to  the  facts  given  in  (6^,/),  and  especially 
emphasize  that  the  objection  made  against  the  use  of  mer- 
cury-gauges, that  of  thermic  changes,  does  not  appear  to  be 
justified,  because  the  expansion  is  too  slight.  The  coefficient 
of  expansion  for  i**  C.  is 

3a  =  0.00018153; 

hence  the  error  in  ^  for  a  thermal  change  of  20*^  C.  would  be 
only  0.36,  while  we  have  repeatedly  considered  i  51^  as  admissi- 
ble. Thermal  changes  of  20  ^  are  rare  in  laboratories.  The 
errors  of  reduction  in  scales  and  in  readings  might,  as  a  rule, 
exceed  the  error  due  to  thermal  changes,  and  the  latter  may 
be  made  very  small  by  using  a  scale  correct  for  average  tem- 
perature. 

It  must  not  be  forgotten  that  readings  of  mercury-columns 
may  become  somewhat  inconvenient  when  the  length  of  the 
latter  is  great,  and  that  the  errors  of  readings  may,  for  this  and 
other  reasons  (variability  of  illumination,  unrest  of  the  menis- 
cus, irregularity  of  the  meniscus,  etc.),  be  different  at  different 
parts  of  a  long  gauge.  It  is  therefore  still  a  question  whether 
the  more  convenient  spring-gauges  should  not  be  preferred, 
more  especially  if  it  be  considered  that  acceleration  of  mass  of 
a  thick  column  of  mercury  makes  it  overshoot  the  mark,  and 
indicate  an  excessive  height,  if  it  is  necessary  to  take  read- 
ings on  the  moving  column.  In  machines  with  mercury- 
gauges  it  will  be  necessary  to  observe  that  the  speed  of  rising 
does  not  become  too  great  if  errors  due  to  accelleration  of 
mass  should  become  small. 
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2.   Hydraulic  Transmitters  and  Chambers. 

554.  As  I  do  not  consider  it  important  to  give  a  system- 
atic presentation  of  types  as  to  whether  the  reduction  of  pres- 
sure is  one  of  diminution  or  the  opposite,  I  shall  add  what  I 
have  to  say  to  the  descriptions  of  such  constructions  which  are 
used  in  connection  with  testing-machines.  I  shall  take  them 
up  as  it  suits  my  purpose,  in  small  variety. 

555.  In  the  Th  omas  se  t  machine  (Z /o2,  II,  183,  p.  23) 
the  hydraulic  reduction  is  used  in  its  simplest  form  ;  I  shall 
call  it  briefly  a  hydraulic  chamber.  The  principle  of 
the  machine  is  shown  in  Fig.  392,  its  construction  on  PI.  15, 
Figs.  3-6. 

It  is  driven  by  a  hydraulic  press  i  with  a  packed  piston,  ap- 
plying tension-loads  to  the  test-piece.  A  long  adjustable 
screw  4  passes  through  the  piston,  and  can  be  advanced  by 
nut  2  and  hand-wheel  3,  permitting  it  to  be  adjusted  to  length 
of  specimen  placed  between  5  and  6  ;  the  latter  are  guided  by 
the  machine-frame.  The  load  is  transmitted  to  the  hydraulic 
chamber  8  by  means  of  the  angle-lever  7.  The  cover  of  cham- 
ber may  be  loaded  by  calibrating-lever  10,  which  permits  ready 
calibration  of  readings  of  gauge  9  simply  and  readily  at  all 
times.  Screw  11  is  provided  for  releasing  pressure  on  cover- 
plate  of  chamber. 

The  hydraulic  chamber  in  the  25-ton  machine  has  an  effec- 
tive area  of  465  sq.  in.  (=  3000  sq.  cm) ;  it  acts  on  the  mercury- 
column  in  gauge  9,  which  must  rise  60.3  in.  (126  cm)  and  re- 
quires 0.55  cu.  in.  (9  cu.  cm)  of  mercury.  Hence  the  rubber  dia- 
phragm of  the  chamber  bears  the  small  pressure  of  1.66  at. 
(=  23.7  lbs.  per  sq.  in.).   Hence  the  lever-ratio  for  a  capacity  of 

55000  5 

25  tons  must  be  equal  to    ^^    .  ^^  ^  =  — .     The  motion  of  the 
^  ^  465  X  23.7        I 

0.55 
cover  of  the  chamber  is   -^  =  0.00117 ;  in  this  case  it  is  so 

small  that  great  sensitiveness  of  hydraulic  chambers  may  be 
expected. 
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555a.  However,  doubts  about  the  reliability  of  such  hy- 
draulic chambers  have  often  been  expressed,  and  very  few 
systematic  and  exhaustive  investigations  of  the  accuracy  and 
sensitiveness  thereof  have  been  published,  although  the  great 
interest  of  the  manufacturers  of  such  machines  is  apparent. 
Even  in  the  country  where  they  have  been  in  use  for  a  long 
time,  and  in  considerable  numbers  in  France,  competent  au- 
thorities express  doubts.  The  French  Commission  d'Es- 
sais  says,  through  its  sub-committee,  H.  Lebasteur  and 
P.  A  r  n  o  u  1  d  {L  J02,  II,  p.  356)  as  follows : 

**  A  fundamental  difficulty  is  the  uncertainty  of  determina- 
tion of  the  force.  The  height  of  column  may  be  measured  ac- 
curately; but  the  area  of  the  diaphragm  or  of  its  effective 
area  is  not  measurable,  because  effect  of  the  free  unsupported 
ring  of  rubber  on  ratio  is  not  known.  Moreover,  this  part  may 
vary  during  a  test,  because  of  pressure  which  changes  the 
shape  of  the  rubber.  It  is  equally  important  to  state  that  the 
presence  of  all  air-bubbles  in  the  chamber  and  tubing  must  be 
avoided.** 

From  these  expressions  it  is  not  possible  to  say  whether 
they  are  experimental  facts  or  merely  opinions.  This  is  to  be 
regretted,  as  it  is  in  France,  where  many  types  of  machines  use 
the  hydraulic  chamber,  that  the  first  opportunity  was  had  of 
accurately  testing  their  conditions  and  principles  of  construc- 
tion. That  this  has  not  been  done  seems  to  me  evident 
from  the  contradictions  of  the  above-named  report,  and  from 
the  fundamental  differences  in  use  of  hydraulic  chambers. 
To  elucidate  these  conditions  I  must  discuss  the  subject 
somewhat ;  it  seems  to  be  of  sufficient  importance  to  war- 
rant it. 

556.  A  few  pages  further  on  the  two  French  reporters  re- 
fer to  the  calibration  of  testing-machines  by  hydraulic 
dynamometers  of  the  P.  L.  M.  R'y,  and  describe  the  ap- 
paratus shown  on  PI.  15,  Figs.  8-14.  In  these  instruments  the 
rubber  diaphragm  is  replaced  by  sheet  brass.     The  structural 
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proportions  are :  thickness  of  brass  =  o.(X)77  in. ;  area  of 
chamber  6.84  sq.  in. ;  highest  pressure  in  the  chamber/  =  500 
at.,  corresponding  to  a  total  load  of  44,000  lbs.  The  pres- 
sure is  transmitted  toaBourdon  gauge,  permitting  readings 
of  I  ID  lbs.,  or  about  ^-^p^-  of  the  total  load. 

This  apparatus  is  praised  by  the  reporters  in  an  extraor- 
dinary manner.  It  is  said  to  have  given  great  satisfaction 
during  long-continued  use,  and  is  said  to  be  particu- 
larly well  adapted  for  calibrating  testing- 
machinesasto  their  accuracy.  I  shall  certainly 
take  an  early  opportunity  of  examining  this  apparatus  in 
an  exhaustive  manner. 

According  to  the  foregoing,  the  lack  of  uniform  reliability 
when  using  rubber  diaphragms  cannot  be  a  matter  of  principles 
of  construction.  In  my  opinion  it  is  not  a  matter  of  the  possi- 
ble presence  of  air-bubbles ;  they  can  be  easily  avoided  by 
using  boiled  water,  and  arranging  the  chambers  in  such  man- 
ner  that  they  can  be  heated  to  212°  F.  while  being  filled.  The 
air-bubbles  would  then  be  easily  expelled.  The  indefiniteness 
of  the  dimensions  of  the  unsupported  part  of  the  diaphragm  I 
can  hardly  consider  as  a  serious  source  of  error,  or  of  varia- 
bility, with  correct  design.  The  principal  errors  are  to  be 
found,  as  a  rule,  in  the  improper  use  of  the  rubber  diaphragm, 
because  its  properties  are  not  properly  considered.  And  these 
errors,  as  far  as  is  noticeable  from  the  designs  with  which  I 
am  familiar,  exist  in  the  Thomassetas  well  as  the  M  a  i  1  - 
lard  machine  (557). 

If  rubber  is  to  be  used  [thin  sheet  metal  is  undoubtedly 
more  suitable,  because  it  can  resist  high  pressures  {p  =  500  at., 
see  above)],  it  should  not  be  clamped  as  in  Fig.  393,  but  as 
shown  in  Fig.  394.  The  clamping-ring  3  always  causes  the 
rubber  to  swell  into  the  space,  and  it  is  then  jammed  easily 
into  this  ample  space  a^  Fig.  393,  and  thereby  prevents  the  free 
motion  of  the  plate  4  ;  if  the  pressure  becomes  great,  the  rub- 
ber may  act  as  a  wedge  in  this  annular  space.     In   Figs.  394 


454  I^*  Testing-machinks.  (SS^O 

and  394a  this  swelling  between  i  and  2  is  made  harmless ;  it  is 
well  to  round  off  a  little  the  corners  of  3  and  4  in  contact 
with  the  rubber,  and  to  make  the  space  as  narrow  as  is  just 
sufficient  for  easy  play  of  the  cover.  It  is  natural  to  suppose 
that  the  cover  assumes  its  correct  position,  so  that  the  rubber 
diaphragm  is  perfectly  flat  under  the  minimum  pressure.  The 
greater  the  necessary  motion  of  the  cover,  the  greater  must  be 
the  width  of  space  tf,  and  the  less  will  be  the  maximum  pres- 
sure/ allowable  in  the  chamber. 

I  used  a  hydraulic  chamber  after  the  manner  of  N  a  p  o  1  i, 
shown  in  Fig.  395,  -^  scale,  for  my  lubricant-tester  (Z,  2jd). 
The  base  i,  with  cover  2,  can  be  screwed  into  the  pressure- 
chamber  of  the  oil-tester  by  means  of  screw  6.  8  is  a  set- 
screw.  In  screwing  it  home  the  loosely  moving  plunger  presses 
upon  the  journal-box  10.  The  pressure  applied  is  transmitted 
to  plate  4,  thence  to  the  liquid  sealed  by  the  rubber  diaphragm 
3.  The  liquid  pressure  is  then  read  off  by  the  gauge  9,  the 
reading  of  which  indicates  the  pressure  applied  to  10,  which 
can  be  increased  to  about  5500  lbs.  (2500  kg).  Five  of  these 
hydraulic  chambers  were  calibrated  repeatedly  at  different 
times.  These  calibrations  were  made  as  shown  in  Fig.  396  in 
the  5oton  Martens  machine  of  the  Charlottenburg 
Testing  Laboratory,  by  comparing  the  gauge-readings 
with  the  loads  on  the  machine.  I  here  reproduce  the  results 
because  they  may  be  of  general  interest. 

Table  41  gives  the  mean  values  of  individual  calibrations  of 

sets  of  five  series,  and  below  is  given  the  number  of  variations 

from  the  mean  value  of  the  series  of  values  given  in  the  first 

part  of  the  table.  The  values  in  the  table  have  then  been  used 
to  plot  the  diagrams  in  Fig.  397. 

The   principal   series   I    in  Table  41,  curve  A,   Fig.   397, 

relate  to  different  rubber  diaphragms,  which  were  used  with 

the  same  gauge  in  tTie  same  hydraulic  chamber.     The  lines 

are   generally  parallel,   but   not   perfectly   rectilinear.     From 

this  it  may  be  deduced  that  the  ratio  of  the  chamber  is  not 
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Table  41.    Calibration  of  Hydranlio  Chambers  of  seyeral  Lnbri- 

cant-testerst  Martens  Design. 

Gauge-readings  for  loads  in  kg  inscribed  above. 

In  Group  I  gauge  and  chamber  were  in  every  case  the  same ;  in  X^roup  II  gauges  and 

chambers  only  were  of  the  same  type. 


Machine  No.  and  Re- 
marks. 


I.  Testiag     Labon 
tory  MaohUe. 

a)  (Chemnitz  Machine 
Works)  New 

A)  New  I  ubber  disk  in- 
serted^  

^)  do.* 

a)        do. 

II.  Maelilne  built  by 
Ladir.  Loewe. 

Tested  under  A,  No. 

5«3o  

Tested  under  A,  No. 

5371   

Tested  under  A,  No. 

5371,  ad  test 

Machine  No.  10855, 

No.  6910A 

Machine  No.  10856, 

No.  69x0^ 


Date  of 
Test. 


94.76.87 

33./a.9i 

7-/9-9a 
18./1.93 


Oct.  93 

8-/3'94 
19./10.94 

a2./4-95 
2fl./4.95 


Values  given 
in  kg  because 
the  calibration 
is  show  n  as 
well  as  in  Brit- 
ish or  U.S.  wts. 


Variations 
in  at.  XO-* 


from 


to 


over 

+  80 

4-60 


.-50 
--40 
--30 

--  xo 
--    o 


--  o 
--  10 
--  20 

--30 
--40 
-f-50 


4-60 
-1-80 

under 


+X00 

4-  99 
+  79 


--  59 
--49 
--  39 
--  29 
--  19 

-f-    9 


4-    9 

-I-  19 
-j-  39 

4-  39 
4-  49 

4-  59 


--  79 
--  99 
•100 


Loads  in  kg. 


350 

500 

750 

0.65a 

x.aoo 

1.808 

58a 

53a 
616 

156 

«34 
190 

764 
770 

0.480 

0.870 

1.350 

450 

880 

380 

440 

850 

390 

366 

810 

254 

39«' 

776 

338 

xooo 


a -375 

342 
366 

356 


X350;  1500 


a. 938 

888 
944 
904 


3-495 

464 
528 
478 


1.790 

2.330 

790 

140 

750 

150 

67a 

05a 

659 

050 

2.700 

560 
580 
436 

492 


• 

X750 

9000 

9950 

9500 

4.070 

4.660 

5.208 

5.723 

042 

660 

762 
663 

178 

332 

930 

7x4 
906 

774 

3.X00 

3 -550 

3.970 

4.400 

990 

4x0 

890 

990 

000 

4x0 

890 

990 

8x0 

198 

S78 

952 

886 

348 

758 

X70 

Frequency  of  the  variations  from  the  mean  value  of 

the  sets  of  5  series,  from  which  the  above 

averages  were  obtained. 
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materially  altered  by  the  insertion  of'  new  rubber  diaphragms, 
that  hence  the  effective  area  of  the  chamber,  i.e.,  including  the 
ring  of  unsupported  rubber,  has  not  been  materially  changed. 
It  would  be  possible  to  make  the  lines  in  group  A  more  nearly 
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coincident  by  parallel  displacement.  The  new  rubber  disk, 
probably  mainly  due  to  the  circumstance  sketched  in  Fig.  393, 
produces  a  displacement  of  the  initial  point  of  the  lines,  but 
their  inclination  is  only  slightly  changed.  The  width  of  un- 
supported ring  was  in  all  cases  the  same,  and  was  about 
0.1 17  in.  (=  0.3  cm) ;  the  thickness  was  not  measured,  but  was 
about  o.  1 1 7  in.  =0.3  cm). 

Besides  the  errors  produced  by  the  disks,  the  errors  of  gradu- 
ation of  the  gauge-dial  influence  the  shape  of  lines  in  group  A, 
Fig.  397.  To  study  this  effect  I  have  calculated  the  series  of  dif- 
ferences between  the  series,  and  also  plotted  them  in  group  D. 
It  becomes  apparent  at  a  glance  that  the  dial  could  not  have  been 
properly  graduated,  unless  the  irregular  shape  of  the  lines  is  to 
be  laid  to  errors  of  the  testing-machine.  This  is,  however, 
highly  improbable,  as  the  machine  has  always  been  shown  to 
be  perfect  during  calibrations.  The  thick  line  of  averages  for 
the  four  series  with  different  rubber  disks  will  therefore  repre- 
sent the  errors  of  the  gauge  with  quite  a  degree  of  probability. 

If  these  errors  were  eliminated  by  re-graduation  of  the 
dial,  the  lines  in  group  A  would  have  to  be  replaced  by  right 
lines  of  the  equation 

P  =  ±  a  +  dn, 

in  which  n  is  the  gauge-reading,  and  6  the  ratio  of  the  dia- 
phragm, while  the  constant  a  depends  upon  the  character  of 
the  rubber  disk  or  on  the  position  of  the  zero-point  of  the 
gauge.* 

It  is  of  interest  to  have  an  illustration  of  the  degree  of  accuracy 
which  observations  made  by  means  of  an  hydraulic  chamber  may 
possess.  Without  tedious  calculations,  the  group  of  lines  B,  Fig. 
397,  illustrates  this  point.  It  is  obtained  by  calculating  the  varia- 
tions from  the  particular  mean  value  of  all  the  available  data  (Table 
41,  nine  sets  of  five  series),  and  then  determining  for  the  different 
loads  the  number  of  positive  and  negative  deviations,  and  then 
plotting  the  curves  of  frequency  of  different  values  of  errors  as  in 
group  B.     A  first  glance  shows,  what  is  explicable  from  the  fore- 

*In  this  case  a  movable  dial  with  graduated  circle  (SJf)  would  be  of 
great  service,  because  the  value  of  a  might  then  be  made  equal  to  o. 


(557 )  Hydraulic  Chambers.  457 

going,  that  the  errors  as  a  whole  are  not  appreciably  affected  by  the 
intensity  of  the  loads  ;  the  curves  are  similar  to  each  other,  and 
irregularities  appear  only  under  high  loads  (2250  and  2500  kg). 
This  demonstration  makes  it  seem  permissible  to  calculate  averages 
from  all  groups  of  errors  noted.  These  averages  are  plotted  in 
group  C,  Fig.  397.  The  probable  error  of  observations  may  be  esti- 
mated therefrom  by  eyesight  without  resorting  to  calculations.  It 
is  that  ordinate  (value  of  error)  which  would  divide  the  area  en- 
closed by  this  curve  of  frequencies  on  the  positive  or  negative 
side  into  two  equal  areas.  Hence  the  probable  error,  according  to 
curve  C,  Fig.  397,  would  be  estimated  at  a  little  less  than  30.10"* 
at.,  i.e.,  r  =  ±  0.030  at.  If  it  is  desired  to  express  it  in  ^  of  the 
readings  n  {s^so  of  the  measured  loads  P)^  it  would  naturally  de- 
crease with  mcreasing  loads.     For  expample  : 

if     «     =       I         23        4        5  at. 
r     =       3       1.5    i.o    0.75    0.6  ^. 

Hence  an  hydraulic  chamber  of  the  type  tested  would  not  be 
satisfactory  for  delicate  measurements,  unless  corrections  based  on 
constants  of  the  apparatus,  previously  determined  experimentally, 
be  applied.  The  degree  of  sensitiveness  is  dependent  upon  the 
kind  and  accuracy  of  gauge-dial ;  if  the  gauge  be  divided 
into  o.i  at.,  and  o.oi  at.  might  be  estimated,  this  would 
mean  for  a  mean  reading  of  0.575  at.  =  250  kg  an  estimation  of 

„  250      X      O.OI  1  r«t  J  r  •     •  ^  t 

F  =  — =  4.4  kg.     The  degree  of  sensitiveness  of  an  hy- 

0.575  ^^    ^  ^  ^ 

draulic  chamber  may  also  be  called  that  increment  of  load  ^P 
which  must  be  added  to  any  load  to  cause  the  gauge-indicator  to 
move  over  one  division  of  the  dial.  This  degree  of  sensitiveness 
varies  with  the  load,  and  is  different  under  increasing  and  decreas- 
ing loads  ;  it  can  only  be  determined  by  tests,  which  were  not  made 
in  the  series  discussed. 

557.  Mai  Hard  also  used  a  hydraulic  chamber  for 
measuring  loads  in  his  machine  {L  102,  II;  i8j,  p.  17;  ^op). 
The  scheme  of  this  machine  is  shown  in  Fig.  398,  and  its  con- 
struction on  PL  15,  Fig.  23. 

It  is  operated  by  the  hydraulic  cylinder  2,  with  a  packed 
piston  3  acting  directly  on  the  test-piece.  Pressure  is  gener- 
ated by  a  Desgoffes  compressor  in  which  a  bucket  plunger 
of  about  10.85  sq-  in.  (=  70  sq.  cm)  area  is  forced  into  the 
cylinder  by  worm-gearing.  The  available  stroke  is  23.4  in. 
(=  60  cm),  and  maximum  pressure  required  is  about  80  at.;  a 
single  stroke  delivers  about  256  cu.  in.  (=  4.2  litres)  of  water. 
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The  cylinder  2  is  pivoted  on  trunnions  27,  and  the  holders  9 
and  10  have  vertical  hinge-bolts  8  and  12.  The  adjustable 
springs  4  hold  the  cylinder  in  the  axial  position. 

Pressures  are  measured  by  a  hydraulic  chamber  16,  also 
pivoted  on  trunnions  17 ;  a  rubber  diaphragm  seals  the  chamber 
by  means  of  the  guide-ring  for  cover-plate  19.  The  frame 
which  carries  the  holder  14  acts  on  the  plate  19,  and  swings 
about  the  vertical  axis.  The  hydraulic  chamber  is  held  in  the 
axial  position  by  spring  15.  These  provisions  for  motion  are 
intended  to  avoid  any  bending-strains  in  the  test-piece.  They 
complicate  the  construction,  however,  and  it  is  at  least  ques- 
tionable whether  the  opposite  result  is  not  thus  attained.  I 
should  prefer  to  guide  all  parts  simply  and  safely,  and  to  pro- 
vide for  elimination  of  bending-stress  in  the  holder.  The 
pressure  in  the  chamber  may  reach  80  at.,  judging  from  the 
dimensions ;  in  the  machine  described  it  was  transmitted  to  a 
Galy-Cazalat  mercury-gauge  i^L  2J4)  the  lower  chamber 
of  which  is  sealed  by  a  rubber  disk  on  the  small  surface  of  a 
differential  piston.  The  large  surface,  similarly  sealed,  acts  on 
a  mercury-column  of  0.156  in.  (=  0.4  cm)  diam.,  which  may 
rise  58.5  in.  (=  150  cm). 

If  it  be  assumed  that  the  height  of  this  column  corresponds 

with  the  capacity  of  the  machine,  55,000  lbs.  (=  25,000  kg),  the 

rise  for  each  100  lbs.  pressure  will  amount  to  about  a  10  in.; 

hence  forces  of  about  20  lbs.  might  still  be  read  off,  provided 

the  sensitiveness  of  the  system  suffices.     The  total  volume  of 

mercury  displaced  would  be  =  1.098  cu.  in.  (18  c.  cm).  The  ratio 

of  the  gauge  is  found  from. maximum  length  of  column  and 

maximum  pressure  in    the  chamber  «=  80  :  150/76  =  40  :  i, 

hence  the  water  displaced  by  the  piston  is  Jf  =  0.0027  cu.  in.= 

(0.45  c.  cm).     With  a  diameter  of  chamber  =  7.88   in.  (=  20.2 

0.0027 
cm),  49.5  sq.  in.  area,  the  cover  will  rise  — =  0.000546    in. 

^=  .0014  cm).  Considerable  sensitiveness  may  therefore  be  an- 
ticipated if  such  thickness  of  rubber  diaphragms  be  employed 
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that  the  clamping-ring  does  not  cause  it  to  become  upset,  and 
by  making  provision  for  frictionless  play  of  the  movable 
parts.  Simpler,  of  course,  than  the  mercury-gauge  used,  and 
probably  just  as  reliable,  would  be  duplex  spring-gauges 
which  control  each  other  (55-r).  Their  scales  may  easily  be  8 
in.  (200  mm)  long,  and  when  reading  to  0.009  in.  (=Jmm) 
this    would    correspond    to     an    estimated     load    of     about 

^ '^^ —  =  67  lbs.     Safe  recoil-valves    should  be   pro- 

o 

vided  in  every  case  {412). 

If  test-pieces  up  to  24  in.  (60  cm)  length  are  to  be  tested, 
the  hydraulic  chamber  mounted  on  the  slide  21  may  be 
shifted  by  means  of  screw  22  and  hand-wheel  25. 

558.  E.  Chauvin  and  Marin  Darbel,  Paris  (Z 
102^  II ;  i8j).  In  this  machine  the  loads  are  also  measured  by 
a  rubber  disk  chamber,  which  is,  however,  loaded  in  a  sense 
opposite  to  that  ordinarily  provided  for.  Generally  increase 
of  stress  in  the  test-piece  produces  increase  of  pressure  in  the 
chamber  ;  in  this  the  pressure  is  diminished.  The  load  on  the 
bar  Zy  Fig.  399,  is  reduced  by  lever  H  to  ^,  and  transmitted 
as  a  tension  on  the  cover-plate  of  the  chamber,  and  read  off 
by  reduction  of  pressure  on  a  vacuum-gauge.  By  this  method 
extravagant  dimensions  of  hydraulic  chamber  are  required, 
because  the  available  differential  pressures  in  the  chamber 
between  o  and  maximum  load  are  small. 

Pichler  described  and  illustrated  a  66,000-lb.  (30,ooo-kg) 
machine  (designed  1878)*  on  -^  scale,  from  which  I  take  that 
the  diameter  of  chamber  was  about  37  in.  (=  95  cm),  area  = 
465  sq.  in.,  in  which  the  difference  of  pressure  would  be  0,86  at. 
Did  the  chamber  work  satisfactorily  under  these  conditions? 
Pichler  states  that  the  machines  were  built  of  15,  30,60, 
and  100  tons  capacity. 

*  I  could  not  obtain  accurate  data  about  later  constructions  ;  the  re- 
port  of  the  Commission  d'Essai,  Tome  II,  p.  356,  1895  (L  10^),  refers  to  it 
but  briefly. 
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559*  Hydraulic  chambers  were  inost  completely  devel- 
oped and  perfected  byA.  H.Emery.  He  and  the  firm 
of  W  m.  Sellers  &  Co.,  Incorporated,  Philadel- 
phia, Pa.,  employ  them  extensively  in  testing-machines,  and, 
as  an  indisputable  fact,  most  successfully.  The  construction 
of  the  Emery  machine  as  built  by  S  e  1 1  e  r  s  is  shown  in  de- 
tail on  PL  1 8  and  in  {62j-6j^)\  other  types  are  shown  by 
Fig.  344  {48J)  and  Fig.  356  {504).  In  Figs.  400^  and  401  are 
shown  the  Emery  type  of  hydraulic  chamber  as  used  in 
vertical  machines.  The  chamber  consists  of  two  thin  brass 
disks,  soldered  at  the  edges  and  pressed  into  the  ring  of  solder 
10  into  a  groove  in  the  base  i.  This  base  and  the  cover- 
plate  3  are  provided  with  circular  and  radial  grooves,  into 
which  pressure  forces  the  brass  disks,  forming  channels  for  the 
ready  distribution  of  liquid  throughout  the  chamber.  The 
source  {L  21^)  states  that  the  layer  of  oil  is  but  0.02  in.  (0.5 
mm)  thick.  The  large  chamber  is  connected  with  a  smaller 
one  in  the  scale-case.  This  system  of  chambers,  therefore,  re- 
places levers  in  reducing  loads  transmitted.  The  tubes  and 
chambers  are  connected  in  the  manner  shown  in  Fig.  401, 
The  perforated  plug  4  is  soldered  to  the  lower  brass  sheet  of 
the  chamber  by  means  of  the  ring  of  solder  11.  The  tube  7, 
of  about  0.06  internal  diameter,  is  then  connected  by  conical 
plugs  and  seats  5  and  6.  This  tubing,  it  is  said,  may  be  car- 
ried to  a  distance  of  27  miles  (??).  Emery's  effort  to 
reduce  the  quantity  of  liquid  and  its  motion  in  the  pipes^ 
evidently  to  avoid  thermal  effects  and  frictional  resistances  as 
much  as  possible,  is  apparent. 

The  essential  peculiarity  of  the  Emery  testing-machine 
is  the  method  by  which  the  stress  produced  upon  the  piece 
tested  is  conveyed  to  the  scale  and  accurately  weighed  by 
mechanism  that  is  entirely  frictionless,  and  hence  responds  to 
the  same  increment  of  load  regardless  of  the  amount  of  stress 
upon  the  specimen.  This  result  is  accomplished  by  receiving 
the  load  upon  a  flat  closed  cylinder  called   the    ^*  hydraulic 


(559*)  Hydraulic  Chambers.  4^1 

support."  The  general  scheme  is  indicated  in  Fig.  400,  which 
shows  merely  the  relation  of  the  parts,  no  attention  being  paid 
to  proportion. 

The  depth  of  the  hydraulic  support-cylinder  A  is  exceed- 
ingly small ;  the  end  is  closed  to  prevent  the  escape  of  the  con- 
tained fluid  by  a  thin  sheet  of  metal,  6,  upon  which  rests 
a  piston,  c,  considerably  smaller  than  the  internal  diameter  of 
the  cylinder.  This  piston  is  secured  to  the  cylinder  by  thin 
flexible  fixing-plates,  dd,  which  permit  a  very  small  movement 
in  the  direction  of  the  axis  of  the  cylinder  while  rigidly 
securing  it  against  any  lateral  movement.  This  longitudinal 
movement  of  the  piston  from  no  load  to  full  load  is  not  more 
than  .cx>3  inch,  and  as  there  is  no  hydraulic  packing  and 
no  sliding,  there  is  no  friction  beyond  that  of  the  fluid.  This 
hydraulic  chamber  is  connected  by  a  pipe,  e,  with  a  smaller  but 
similar  chamber,  5,  placed  in  the  scale  ;  the  piston  c^  of  this 
latter  chamber  acts  through  the  block  If  against  the  first  lever 
Col  the  scale,  which  thus  receives  a  fraction  of  the  load  upon 
the  piston  c  determined  by  the  relation  between  the  areas  of 
the  two  hydraulic  cylinders  A  and  B. 

The  scale-body  is  a  rigid  cast-iron  frame  carrying  the  steel 
scale-levers,  all  the  supports  and  connections  of  which  are  thin 
flexible  plates  of  steel  firmly  secured  to  the  levers  and  their 
supports,  and  having  a  sufficient  exposure  between  their  fixed 
ends,  that  the  amount  of  bending  due  to  the  movement  of  the 
levers  shall  be  well  within  the  elastic  limit  of  the  material. 
The  long  arm  of  the  lever  C  is  coupled  by  the  bar  D  with 
the  short  arm  of  the  poise-frame  lever  £  ;  the  long  arm  of  this 
lever  carries  all  the  standard  weights  of  the  scale,  and  the 
method  of  putting  them  on  or  taking  them  off,  without  hand- 
ling, is  peculiar  to  the  Emery  system.  Suspended  from  this 
lever,  £,  at  suitable  intervals  by  thin  fulcrum  plates  are 
"  poise-frames,"  N^  consisting  of  an  upper  cross-head,  5,  and  a 
lower  cross-head,  7*,  united  by  three  vertical  bars  disposed  at 
equal  intervals  about  the  cross-heads. 
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These  bars  are  provided  on  their  inner  faces  with  short 
projecting  brackets,  V,  having  a  horizontal  surface  and  a 
bevelled  surface  corresponding  with  similar  surfaces  formed  on 
the  weights  A,  which  are  short  cylinders  or  rings  with  bevelled 
edges ;  the  weights  are  carried  by  the  flat  surfaces  and 
centred  by  the  bevelled  surfaces.  A  "  weight-frame,"  M,  for 
carrying  the  weights  when  not  in  use,  of  similar  construction, 
has  its  three  vertical  bracketed  bars  alternating  with  the  bars 
of  the  poise-frame ;  this  weight-frame  is  guided  and  is  raised 
and  lowered  in  a  vertical  line,  without  touching  the  poise-frame, 
by  a  rock-shaft  and  a  hand-lever  coupled  to  the  rod  projecting 
from  the  cross-head  R.  The  brackets  on  the  weight-frame 
bars  are  differently  spaced  from  those  on  the  poise-frame,  and 
when  the  weight-frame  is  at  the  top  of  its  stroke  it  carries  all 
of  the  weights  clear  of  the  poise-frame  ;  a  small  movement 
downward  transfers  one  weight  to  the  poise-frame,  the 
bevelled  surfaces  on  the  brackets  centring  the  weight  if  it 
becomes  displaced  sideways  by  a  too  sudden  movement.  A 
further  movement  transfers  another,  and  so  on ;  that  is,  the 
movement  of  the  weight-frame  in  either  direction  transfers  the 
weights  singly  and  successively  from  one  frame  to  the  other ; 
the  weights /and  ^  are  shown  carried  by  the  poise-frame,/ 
and  ky  by  the  weight-frame,  while  A  is  being  transferred  from 
one  to  the  other. 

The  operating  hand-lever  is  provided  with  a  notched  seg- 
ment, into  which  a  click-spring  plays  so  that  the  operator  feels 
when  he  has  moved  the  lever  the  right  distance  to  transfer  a 
weight  to  or  from  the  poise-frame  without  having  to  watch  the 
indicator  as  formerly,  and  the  arrangement  of  the  six  bars  sur- 
rounds the  weights  by  a  cage  that  effectually  prevents  any 
displacement  and  consequent  interruption  of  the  test,  as 
sometimes  occurred  when  the  weights  rested  on  simple  shelves 
secured  only  by  short-pointed  pins.  There  is  hence  no  neces- 
sity for  opening  the  glass  case  that  encloses  this  part  of  the 
scale,  and  the  weights  are  never  exposed  to  any  risk  of  altera- 
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tion.  The  weights  in  the  first  poise-frame  have  a  value  of  icx) 
pounds,  the  next  frame  carries  weights  of  a  value  of  ten  times 
as  much,  or  icxx)  pounds,  the  next  io,cxx)  pounds,  and  so  on, 
and  the  readings  are  summed  up  by  a  series  of  segments  con- 
nected to  the  several  operating  shafts  and  provided  with  figures 
denoting  the  number  of  weights  on  each  poise-frame.  A  hori- 
zontal slot  in  a  vertical  plate  near  the  upper  left-hand  corner 
of  the  scale  is  so  placed  that  the  reading  of  the  figures  shown 
through  this  slot  denotes  the  number  of  pounds  pressure  applied 
to  the  specimen. 

The  final  lever  of  the  scale  is  an  indicator-needle,  /%  which 
has  a  movement  at  its  point  of  ij"  to  2",  and  this  movement, 
calculated  from  the  mechanical  ratios  of  the  hydraulic  chambers 
and  of  the  levers  in  the  scale,  is  not  less  than  300,000  times  the 
movement  of  the  piston  c  in  the  first  hydraulic  chamber,  and 
may  on  large  machines  be  6,000,000  times  as  much.  The  transfer 
of  fluid  from  one  chamber  to  the  other  is  almost  imperceptible. 

From  the  proportions  and  statements  made  {L  21^)  the  inter- 
nal pressure  in  the  support  of  a  50-ton  machine  can  be  derived 
as  about  60  at.  It  is  stated  that  the  play  of  the  main  support- 
piston  in  such  a  machine  is,  as  a  maximum,  0.000002  in. 
=  0.00006  mm),  hence  the  displacement  of  liquid  in  a  support 
having  on  area  of  124  sq.  in.  (=  800  sq.  cm)  is  equal  to  0.0003 
cu.  in.  (=0.005  c.  cm),  and  the  total  motion  in  the  tube  of 
0.048  in.  diam.  (=  1.25  mm)  will  be  about  0.156  in.  (=  4  mm). 
I  have  unfortunately  not  been  able  to  find  any  statement  of 
thickness  of  the  sheet  brass.  The  width  of  the  unsupported 
ring  between  base  and  support-piston  is  shown  to  be  about 
0.08  in.  (=  2  mm). 

Rectilinear  motion  of  the  support-piston  is  secured  by 
E  m  e  r  y  by  use  of  annular  diaphragms  9,  Fig.  401,  and  10,  Fig. 
402,  secured  by  solder  in  grooves.  Fig.  402  shows  an  hydraulic 
support  of  a  railway  platform-scale. 

a.  From  the  previous  Sections  554-559  and  the  success  of  the 
Emery  machines,  it  will  be  seen  that  the  use  of  hydraulic  reduc- 
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tion  by  differential  chambers  offers  material  advantages,  because 
very  simple  and  compact  machines  can  undoubtedly  be  thus  con- 
structed, especially  if  it  should  succeed  to  use 
them  in  connection  with  simple  spring-gauges. 
I  have  been  personally  busy  with  this  idea  for  years,  without  having 
been  able  to  perfect  it,  because  of  preoccupation.  As  my  frequent 
propositions  to  manufacturers  remained  fruitless,  I  desire  to  publish 
them  in  this  place  I  am  convinced  that  it  will  be  possible  to  build 
reliable  machines,  having  an  error  less  than  i^,  based  on  the  prin- 
ciple of  hydraulic  chambers,  for  there  is  no  reason  to  assume  that, 
with  proper  construction  and  use  under  moderate  loads^  hollow 
springs  (Bourdon  tubes)  will  not  work  as  reliably  as  spiral  springs 
in  the  indicator,  or  in  the  paper-testing  machines  of  H  a  r  t  i  g, 
W  e  n  d  1  e  r  and  others. 

b.  Years  ago  I  commenced  an  investigation  of  the  resistance  and 
sensitiveness  of  thin  sheet  metal  in  such  chambers,  but  could  not 
complete  it  for  lack  of  time.  In  these  tests  I  found  that  the 
permissible  stress  is  rather  high,  and  that  the  sensitiveness,  even 
under  motion,  great  for  the  intended  purposes,  seems  to  be  ample. 
From  the  results  of  tests  a  few  are  here  selected  ;  the  completed 
investigation  will  be  published  later. 

The  first  tests  were  made  on  a  hydraulic  support  placed  in  the 
100-ton  Pohlmeyer  machine,  and  it  could  be  loaded  up  to  790 
at.  pressure.  Thediameterof  chamber  was  3.63  in.  (93  mm),  and  of 
piston  3.39  in.  (87  mm),  making  the  width  of  unsupported  ring  0.12 
in.  (  =  3  mm).  Plates  of  various  materials,  of  5.34  in.  (  =  137  mm) 
diam.  and  of  various  thicknesses,  were  placed  in  flat  condition  into 
the  chamber,  and  pressure  applied  either  up  to  rupture  in  the  unsup- 
ported part  or  to  790  at.  pressure.  Sheet  copper  of  0.004  in. 
(=0.1  mm)  thickness  showed  pronounced  permanent  buckling  at. 
27  at.,  rupture  occurring  at  173  at.  With  a  thickness  of  0.008  in. 
(  =  0.2  mm)  they  failed  at  318  and  356  at.;  two  plates  0.019  in. 
(  =  0.5  mni)  did  not  fail,  but  were  considerably  buckled  at  790  at. 
pressure.  Sheet  brass,  0.007  in.  (=0.188  mm)  thick  failed  at 
460  and  540  at,  and  carried  790  at.  pressure  at  0.009  ^^*  (^*^3  nim) 
thickness,  without  failing,  but  were  considerably  buckled.  Sheet 
steel  0.0074  in.  (  =  0.19  mm)  thick  failed  at  255  at.  and  was  but 
slightly  buckled  by  pressure  of  790  at.  when  0.019  in.  (0.5  m)  thick; 
likewise  sheet  zinc,  0.036  in.  (0.92  mm)  thick.  From  this,  soft 
sheet  brass  seems  to  be  a  material  specially  suited  for  hydraulic 
chambers.  The  figures  show  what  great  pressures  are  permissible 
in  them,  and  will  recognize  their  advantage  in  construction  of  testing- 
machines.  It  is  to  be  hoped  that  a  continuation  of  the  investigation 
will  also  demonstrate  sufficient  sensitiveness  and  reliability  in  indi- 
cating loads. 

560.  A  m  a  g  a  t  (Z  102,  II,  p.  109,  PI.  X)  constructed  a 
small  machine  for  determining  the  crushing-strength  of  small 
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copper  plugs,  in  which  a  plunger-press  served  as  a  hydraulic 
support.  It  is  operated  by  a  screw  7,  Fig.  403.  The  pressure 
is  transmitted  to  the  test-piece  by  a  nicely  fitted  hardened 
steel  cylinder  6  guided  by  the  machine-frame,  thence  to  a 
similar  cylinder  5  bearing  on  the  column  5,  which  rests  on  the 
plunger  3.  The  plunger  3,  of  about  13  in.  diameter  (330  mm), 
has  a  grinding  fit  in  cylinder  i,  which  is  provided  with 
circumferential  grooves  for  the  castor-oil,  which  issues  between 
plunger  and  cylinder.  The  castor-oil  floats  above  a  layer  of 
mercury,  which  is  connected  to  an  open  gauge  8,  17  ft.  high 
(4  m).  The  friction  between  plunger  and  cylinder  is  eliminated 
by  turning  the  plunger  through  an  angle  of  from  20°  to  30°  by 
means  of  the  handle  10.  Loads  up  to  4500  kg  can  be  measured  ; 
but  reading  a  17-ft,  mercury-column  is  by  no  means  an  easy 
matter. 

561.  Amsler-Laffon  (PI.  14)  in  his  machine  based 
measurement  of  loads  on  precisely  the  same  principle,  only  he 
reduced  the  liquid  pressure  so  as  to  make  possible  the  use  of 
a  short  mercury-gauge  for  greater  loads;  he  measures  the 
pressure  in  the  hydraulic  cylinder,  while  A  m  a  g  a  t  does  it  in 
a  separate  chamber. 

The  construction  of  the  A  m  s  1  e  r  device  is  shown  in  Fig. 
333.  The  pressure  on  the  castor-oil  under  the  plunger  27  is 
transmitted  by  the  small  plunger  26  to  the  larger  one,  3.  The 
pressure,  reduced  in  ratio  of  diameters  of  plungers,  acts  through 
the  piping  4,  5  on  the  mercury-gauge,  the  scale  of  which  is 
divided  on  one  side  into  kg  and  into  stress  referred  to  a 
standard  cube  of  cement  or  mortar,  having  a  length  of  7.1  cm. 
The  plungers  3  and  26  are  made  to  reciprocate  by  means  of 
lever  28,  and  rod  30  by  wheel  35.  Friction  is  thus  again 
eliminated  on  the  A  m  a  g  a  t  principle.  The  mercury-gauge 
is  provided  with  a  float  whose  weight  is  almost  exactly 
counterbalanced  by  a  weight.  Its  connector  passes  over  a 
small  sheave  having  a  delicate  brake,  which  prevents  dropping 
of  the  float,  and  makes  it  possible  to  take  maximum  readings 
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after  test.     The  motion  of  this  sheave  is  used  by  A  m  s  1  e  r  to 
transmit  load-indication  to  his  autographic  recorder  {719). 

Refilling  the  oil  which  escapes  slowly  between  plunger  and 
cylinder-walls  is  accomplished  by  the  pump  45  or  the  pipe  46. 

561a.  Amsler-Laffon  also  constructs  his  pressure- 
reducer  as  an  independent  apparatus  to  be  used  in  connection 
with  testing-machines  as  shown  in  PI.  14,  Figs.  6  and  9.  The 
reducer  is  shown  mounted  on  the  frame  of  the  pressure-pump. 
The  principle  of  construction  is  the  same  as  described  in  (j^/) 
and  illustrated  by  Fig.  333,  only  that  a  third  plunger,  4,  is  used 
additionally  to  3  and  5,  Fig.  404,  and  so  designed  as  to  be 
ordinarily  caught  by  its  projecting  rim  in  the  chamber  of  the 
casting,  and  become  inactive.  The  pressure  from  the  press 
conveyed  by  pipe  22  is  transmitted  by  the  small  plunger  5  to 
the  larger,  3,  and  is  reduced  according  to  ratio  of  plungers. 
Oscillatory  motion  is  imparted  to  both  plungers  3  and  5  by  a 
sleeve  and  lever  9,  3  being  operated  by  a  long  feather  on  the 
sleeve,  while  5,  its  lower  end,  engaging  a  rib  on  3,  is  carried 
around  with  it.  If  the  ratio  of  reduction  is  to  be  changed  in 
the  hydraulic  chamber,  all  that  is  necessary  is  to  force  consider- 
able oil  into  the  space  1 1  by  the  pump  14.  This  raises  plunger 
3  until  the  rib  on  lower  end  of  4  enters  a  groove  in  3,  thereby 
giving  4  free  motion.  Plungers  4  and  5  will  then  act  as  a 
unit,  and  the  ratio  of  reduction  is  thereby  decreased.  Otherwise 
its  action  is  the  same  as  described  in  {jdi).  The  oscillatory 
motion  is  imparted  by  the  pump.  A  rod  10  is  mounted  on  3^ 
indicating  the  position  of  the  latter,  showing  whether  or  not  4 
is  in  action.  Hence  it  may  be  seen  on  the  outside  of  reducer 
which  ratio  is  employed  at  the  time.  This  condition  is  also 
noticeable  on  the  mercury-gauge,  so  that  the  observer  knows 
instantly  which  of  the  two  reading-scales  is  to  be  used.  In 
the  I50ton  machine  the  principal  scale  is  divided  in  200  kg, 
'  and  the  second  scale  in  20  kg. 

562.  U  n  w  i  n  applied  the  hydraulic  chamber  with  mercury- 
gauge  in  a  very  skilful  manner,  similar  to  that  ofThomasset, 


I 


(563.)  Hydraulic  Chambers.  467 

PI.  15,  Figs.  3-6,  to  construct  a  series  of  small  machines  which 
are  admirably  adapted  for  educational  laboratories.  I  regret 
that  I  must  abstain  from  a  more  detailed  presentation  thereof 
because  of  the  lack  of  courtesy  of  the  firm  ofBayley&Co. 
in  Manchester,  who  construct  them.  These  small  machines 
are  arranged  for  tension-,  crushing-,  torsion-,  shearing-tests,  etc. 

563.  Exceedingly  great  ratios  may  be  obtained  by  the 
use  of  hydraulic  chambers,  as  minutely  detailed  in  the  descrip- 
tion of  my  50-ton  machine  {L  162).  Although  this  device, 
for  reasons  stated  in  (Sjd),  is  no  longer  in  use,  I  wish  to  reprint 
the  matter  relating  to  the  hydraulic  chamber  and  recorder,  be- 
cause the  experience  obtained  is  in  many  ways  instructive. 

a.  If  the  machine  PI.  5,  Figs.  1-4,  is  to  make  the  test  auto- 
matically, the  right-hand  devices  are  made  inoperative,  by  re, 
lieving  all  weights  and  disks  and  unloading  the  scale  com- 
pletely. The  screw  58  at  the  top  of  the  left-hand  column  56 
is  raised  until  the  knife-edge  in  the  end  of  the  lever  bears  on 
Its  seat  when  the  lever  stands  in  its  position  of  equilibrium ; 
the  machine  is  then  ready  for  operation.  The  test-piece  1 1 
carries  at  its  gauge-marks  two  spring-cushioned  clamps  having 
attaching  screws  with  wedge-shaped  ends,  these  marking  the 
gauge-length.  The  lower  clamp  has  an  eye  to  which  the 
string  is  attached,  which  passes  over  a  roller  on  the  upper 
clamp  89  (a  very  fine  copper  wire),  then  to  the  guide-rollers  on 
the  left-hand  column,  and  thence  to  the  recording-drum  84. 
These  guide-rollers  are  adjustably  attached  on  a  rod  fixed  to 
the  column.  A  part  of  the  string  leading  off  at  right  angles 
to  the  axis  of  test-piece,  the  independent  axial  motion  of  the 
test-piece  (slipping  in  wedges),  other  than  its  deformation,  is 
eliminated  from  the  record  {SJ4)t  ^^  well  as  the  relative  dis- 
placement of  clamping-screws,  the  extension  of  gauge-length 
of  test-piece,  is  alone  recorded.  If  the  bar  is  provided  with 
heads,  as  in  standard  round  bars,  the  relative  motion  of  the 
pulling-heads  may  be  recorded  without  causing  any  material 
error,  and  simplify  the  test  somewhat.   .  The  recording  paper 
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can  be  readily  and  quickly  laid  about  the  drum  and  held  in 
position  by  brass  springs.  The  drum  revolves  easily  about  its 
vertical  axis,  held  by  two  pivots,  and  is  readily  removable.  A 
small  counterweight  keeps  the  cgpper  wire  uniformly  taut. 

The  load  applied  to  the  test-piece  is  transmitted  by  the 
scale  to  the  column  56,  which  passes  freely  through  the  series 
of  weights  51,  bearing  with  its  point  on  the  hydraulic  support 

67,  designed  on  the  Emery  system,  PI.  5,  Figs.  8  and  9. 
The  column  is  steadied  at  its  upper  end  from  the  cross-head 
of  the  machine  by  the  link  57,  Figs,  i  and  2.  The  piston  of 
the  support  is  guided  by  two  rings  of  metal  63  and  64,  and  its 
play  is  limited  to  a  very  small  amount  by  the  overlapping  edge 
of  the  clamping-ring  60.  The  piston  and  the  base  of  the 
support  are  conical,  so  that  all  air  will  escape  through  the  hole 
in  the  bottom  when  filling  with  liquid  in  an  inverted  position. 
Before  turning  it  right  side  up,  after  filling,  the  piston  is  se- 
cured rigidly  in  position  by  three  radial  set-screws  passing 
through  the  outer  and  bearing  against  the  inner  clamping-ring 

68.  Thus  the  thin  sheet-metal  ring  which  seals  the  annular  space 
between  piston  and  base  would  be  protected  against  distortion 
even  if  the  guide-rings  63  and  64  were  removed  during  filling. 
This  is  advisable  so  as  to  be  able  to  warm  the  support  by  gas- 
ilames  placed  below  it  while  filling  it.  The  sealing  diaphragm 
is  soldered,  in  grooves  previously  tinned,  in  the  piston  and  in 
the  base  to  insure  absolute  stanchness,  a  less  fusible  solder 
being  used  on  the  piston  than  on  the  base.  In  order  to  obtain 
well-defined  action,  the  diaphragm  is  clamped  exactly  at  the 
edges  of  clamping-ring  and  chamber.  While  filling  the  sup- 
port, the  air  is  driven  out  of  the  inverted  support  by  slightly 
moving  the  piston  and  rapping  it  constantly ;  the  water  had 
been  previously  boiled.  The  base  is  then  heated,  until 
steam  escapes  from  the  rubber  tube  temporarily  connected 
with  the  hole  in  the  base ;  the  other  end  of  this  tube  is  im- 
mersed in  a  dish  of  boiled  water  and  the  base  is  then  cooled. 
This  process  is  repeated  several  times,  the   permanent  con- 
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necting  pipe  completely  filled  with  boiled  water,  is  connected, 
care  being  taken  to  exclude  all  air  as  much  as  possible,  and 
the  heating  and  cooling  is  repeated  finally,  after  inverting 
the  support,  until  all  air  has  been  expelled.  It  is  absolutely 
necessary  to  obtain  this  condition  if  it  be  desirable  to  obtain 
proportional  scale-readings  for  the  records  of  load  on  the  dia- 
grams. A  contact-lever  is  provided  on  the  piston,  which  indi- 
cates its  motion  on  a  ratio  of  50/1,  and  which  was  originally 
used  as  a  contact-point  for  the  electric  circuit  with  unsatis- 
factory results. 

b.  The  pressure  produced  in  the  support  by  the  load  on 
the  test-pieces  is  transmitted  by  the  water  to  a  very  thin  skin, 
situated  in  the  lower  part  of  the  chamber  75,  76,  Fig.  8,  which 
is  the  electric  key,  and  seals  the  water  in  it  completely.  On 
the  lower  right-hand  side  of  this  chamber  there  is  a  very  small 
tube  provided  with  a  stopcock  and  connected  to  a  reservoir  of 
water  placed  on  a  higher  level.  By  raising  or  lowering  this 
vessel  the  position  of  the  piston  of  the  support  may  be  ad- 
justed to  that  position  in  which  it  works  best ;  the  stopcock  is 
then  closed.  Great  thermal  changes  (summer  and  winter)  pro- 
duce difference  in  length  of  the  piston.  By  means  of  this 
stopcock  and  the  devices  described,  these  changes  of  length 
may  be  provided  for.  The  pressure  of  the  test-piece  is  then 
transmitted  by  a  hard-rubber  rod  to  a  second  upper  support, 
of  identical  construction,  forming  the  electric  key,  thence 
acting,  by  means  of  an  intermediate  layer  of  water,  on  the 
mercury  contained  in  a  vessel  at  the  lower  end  of  left  column. 
Fig.  3,  and  which  moves  in  a  carriage.  The  final  connection 
with  this  vessel  is  a  covered  rubber  tube.  An  iron  disk  floats 
on  the  mercury  in  the  vessel,  which  serves  to  distribute  the 
inertia  of  the  moving  mass  of  liquid  in  the  tubes  throughout 
the  entire  body  of  mercury,  and  to  thus  produce  a  most  steady 
condition  of  the  mercury.  The  mercury- vessel  forms  an 
hydraulic  weighing-machine ;  it  must  be  raised  or  lowered  in 
proportion  to  the  stress  transmitted  by  the  test-piece,  in  order 
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to  equilibrate  the  pressure  of  the  test-piece  by  the  hydrostatic 
pressure  within  the  support.  In  order  to  effect  these  move- 
ments of  the  mercury-chamber  automatically,  the  hard- 
rubber  rod  above  mentioned  is  provided  between  the  dia- 
phragms of  the  small  chambers,  its  minute  movements  making 
and  breaking  a  weak  electric  circuit,  as  shown  in  Fig.  405. 
The  platinum  pin  a  let  into  the  hard-rubber  rod  effects  con- 
tact as  soon  as  it  touches  the  platinum  plate  carried  by  the 
short  arm  of  lever  b ;  the  latter  is  very  slightly  loaded  by 
spring  r,  moving  readily  with  the  rubber  rod.  This  produces 
a  slight  friction  at  the  points  of  contact,  making  the  latter 
more  positive.  The  screw  d  serves  to  adjust  the  height  of 
short  end  of  lever,  and  makes  it  possible  to  find  that  position 
of  the  two  small  diaphragms  in  which  they  are  most  sensitive. 
A  very  weak  electric  current  is  used  to  protect  the  surfaces  of 
contact.  A  condenser  is  also  placed  in  circuit,  which  reduces 
sparking,  at  breaking  of  contact,  to  a  minimum. 

The  current  passes  from  the  key  to  a  relay,  through  the 
anchor  of  which  a  strong  current  is  passed.  This  current 
operates  the  electromagnets  of  two  clocks  85,  Fig.  3,  PI.  5, 
placed  in  a  common  box ;  if  the  circuit  of  the  first  current  is 
closed,  the  second  strong  current  passes  to  the  magnet  M^ , 
Fig.  406  •  when  the  first  circuit  is  open,  the  strong  current 
passes  to  the  magnet  M^,  The  magnets  control  the  brakes  of 
the  clocks  Z7,  and  C/,,  and  their  operation  in  the  first  case  is  to 
break  the  left-,  and  in  the  second  to  brake  the  right-hand 
clock;  hence  the  liberated  clock  comes  into  play.  The  left 
clock  is  operated  by  the  heavy  weight  P,  while  the  right  is 
driven  by  the  lighter  weight  of  the  mercury-vessel  Q  itself 
and  its  guide-rod.  Therefore  the  test-piece  will  press  with 
too  much  force  upon  the  diaphragm  when  the  first  circuit  is 
closed,  and  the  mercury-chamber  will  rise  until  the  mercury- 
pressure  is  in  excess,  and  opens  the  first  circuit.  The  play  of 
the  relay  then  becomes  very  rapid,  and  the  mercury-chamber 
oscillates  with  very  slight  play  about  its  position  of  equilib- 
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rium,  which  is  recorded  on  the  drum  by  a  pencil  attached  to 
the  guide-rod  of  the  mercury-vessel.  The  position  of  equilib- 
rium for  zero  load  can  be  adjusted  at  will  by  opening  the 
sealing-valve  75  at  the  upper  point  of  the  tubing  74  after  ad- 
justing the  vessel  to  its  desired  position,  and  then  adding  or 
wasting  the  necessary  quantity  of  water  by  tube  74.  As  far  as 
this  tube  is  of  metal  it  is  wrapped  with  cotton  and  covered 
with  leather,  because  thermic  changes  of  this  part  exert  a 
material  influence  on  the  position  of  the  zero-point,  it  being 
dependent  upon  the  level  of  the  mercury  in  the  rubber  tube. 

The  precautions  here  described  were  by  no  means  origi- 
nally provided,  but  were  determined,  as  well  as  the  circum- 
stances still  to  be  mentioned,  only  after  numerous  tests.  It 
is  therefore  hardly  inappropriate  to  discuss  the  most  impor- 
tant experiences  gained  in  this  place  in  detail,  because  they 
may  be  valuable  on  other  occasions.  I  shall  follow  a  descrip- 
tion of  modifications  which  the  apparatus  underwent  in  course 
of  time,  previously  published  by  me  (Z  //j),  because  I 
could  hardly  describe  the  circumstances  more  briefly.  It  will 
suffice  to  refer  to  the  diagrammatic  illustrations  shown  in 
Figs.  406-408. 

c.  The  first  test  of  the  device  was  made  on  a  small  i-ton 
machine ;  the  arrangement  is  shown  by  Fig.  407,  and  clearly 
explains  itself.  The  weight  G  is  slightly  greater  than  neces- 
sary for  the  maximum  capacity  of  the  machine,  and  is  secured 
to  the  chamber-piston  D.  The  liquid  in  the  chamber  is  in 
connection  with  the  column  (2»  which  just  balances  the  weight 
G.  When  loading  the  test-piece,  a  part  of  the  load  G  is  trans- 
ferred to  it  and  the  piston  of  D  rises,  until  balanced  by  the 
mercury-pressure  in  Q, 

d.  As  it  is  troublesome  and  not  very  reliable  to  take  read- 
ings of  the  mercury  meniscus  throughout  the  test,  the  appara- 
tus should  record  automatically.  The  type  of  recorder  shown 
in  Fig.  408  seems  to  be  the  most  suitable  of  many  forms  pos- 
sible for  this  case. 
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The  difference  in  mercury-column  is  no  longer  obtained  by 
the  change  of  contents  of  chamber  D,  but  by  that  of  cylinder 
P^  regulated  by  very  slight  motions  of  the  piston  of  D^  which 
control  the  relay  i?,  by  which  and  its  magnets  M^  and  M^  the 
slide-valve  S  of  the  pump  W\%  governed.  The  motion  of  the 
common  piston-rod  of  Pand  fFis  a  measure  of  differences  of 
mercury-pressures,  and  for  that  part  of  the  weight  G  carried 
by  the  test-piece.  This  motion  is  recorded  on  the  drum  7". 
The  revolution  of  the  latter  is  produced  by  the  extension  of 
the  test-piece  by  means  of  the  string  Z. 

e.  The  type  shown  by  Fig.  406  is  that  originally  used  with 
this  machine,  and  it  will  suffice  to  point  out  that  the  pump  W 
is  replaced  by  the  clocks  C/,  and  f/, ,  arranged  as  previously 
described.  Q  is  the  mercury-chamber,  Kr  the  contact-lever 
(see  Fig.  405),  and  R  the  relay  for  the  magnets  M^  and  M^  of 
the  clock-brakes. 

f.  A  common  defect  exists  in  all  of  these  three  types, 
which  makes  them  useless  for  accurate  measurements,  or  at 
least  very  inconvenient :  the  greater  or  less  mobility  existing 
in  the  chamber-piston.  This  is  most  disturbing  in  type  Fig. 
407,  for  in  it  the  piston  must  always  move  proportionately  to 
the  mercury-column.  This  motion  is  in  any  case  sufficiently 
great  to  bring  a  material  source  of  error  into  play,  the  con- 
dition of  the  thin  diaphragm  due  to  deformation,  and  the 
action  of  friction  of  the  mercury  in  the  small  tube  connecting 
the  chamber  and  the  mercury  vessel.  If,  for  example,  an 
effective  diameter  of  chamber  rf  =  8  in.  (20  cm)  be  assumed, 
or  about  50.26  sq.  in.  (=  300  sq.  cm),  a  difference  in  load  on 
piston  of  220  lbs.  (100  kg)  would  equal  a  mercury-column  of 
10  in.  (=  25.3  cm).  The  internal  area  of  mercury-tube  must 
not  be  less  than  0.077  sq.  in.  (=  0.5  sq.  cm),  and  hence  a  drop 
of  10  in.  in  the  mercury-column  will  cause  a  flow  of  0.775  cu. 
in.  (=  12.7  c.  cm)  liquid  into  the  chamber,  causing  a  motion 

of  the  chamber-piston  of    '^^^  =  0.015  in.     The  motion  must 

^  50.26 
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be  provided  for,  almost  entirely,  by  the  unsupported  ring  of 
the  diaphragm,  the  width  of  which  may  be  so  chosen  as  to 
provide  for  the  required  movement,  because  it  may  be  very 
thin  to  resist  the  liquid  pressure  of  a  mercury-column  16  in. 
(40  cm)  high.  In  addition  to  the  intentional  motion  pre- 
viously calculated,  the  effect  of  impact  (shock)  at  instant  of 
rupture  of  test-piece  must  be  considered,  as  well  as  the  cir- 
cumstance that  in  the  type  Fig.  407  the  chamber-piston  is 
without  a  guide  at  the  instant  when  the  knife-edge  of  the 
scale-beam  leaves  its  bearing  on  the  tension-rod  connected 
rigidly  to  the  piston.  An  oblique  load  may  at  that  instant  be 
brought  to  bear  on  the  chamber,  which  simultaneously  with 
the  impact  strains  the  diaphragm  unfavorably,  and  favors 
changes  of  conditions.  It  was  only  definitely  ascertained  in 
later  types  that  these  changes  of  conditions  manifest  them- 
selves mainly  as  residuary  phenomena,  the  magnitude  and 
period  of  which  depend  upon  a  series  of  circumstances,  and 
which  are  concealed  by  the  frictional  resistances  in  the  small 
tubes.  Both  produce  the  effect  that  variations  of  load  are  not 
indicated  at  the  instant  of  application,  but  only  after  an  inter- 
val of  time.  It  was  easily  demonstrable  in  this  apparatus. 
Fig.  407,  as  the  weight  G  consisted  of  several  removable  disks. 
The  residuary  effects  due  to  friction  in  pipes  may  be  re- 
duced to  a  very  small  amount  if  their  length  and  diameter  be 
so  selected  that  but  a  slight  excess  of  rise  of  mercury-column 
is  required  to  force  the  necessary  quantity  of  liquid  through 
them  in  a  small  fraction  of  a  second.  Practicable  dimensions 
can  hardly  be  adopted  in  a  construction  as  shown  by  Fig.  407 
if  the  load  is  to  be  indicated  within  one  second ;  this  is,  how- 
ever, not  necessary  for  all  cases.*  When  using  the  type  Fig. 
407  it  must  be  borne  in  mind  that  the  quantity  of  mercury  to 
be  moved  should  not  be  too  great,  so  that  the  inertia  of  the 

mass  under  rapid  changes  of  load  may  not  become  effective, 

^— ^^  ^^— ^—       — ^—i ^— ^^ 

*  The  use  of  spring-gauges  would  be  more  suitable  for  constructions 
of  this  kind. 
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which  would  again  affect  rapidity  of  indication.  The  easiest 
way  of  removing  the  evils  just  described  would  be  to  reduce 
the  quantity  of  the  liquid  passing  through  the  pipe  to  a  mini- 
mum. This  condition  requires  minimum  motion  of  piston,  thus 
at  the  same  time  reducing  changes  of  condition  of  diaphragm 
to  a  minimum. 

g.  Types  shown  in  Figs.  407  and  408  fulfil  this  requirement 
in  so  far  as  the  working  motion  of  the  piston,  i.e.,  the  oscilla- 
tions during  adjustment,  are  reduced  to  a  very  small  quantity. 
If  an  electric  key  ky  Figs.  406  and  408  or  Fig.  405,  be  used, 
which  transmits  the  relative  motion  between  piston  and  cham- 
ber to  the  finial  on  a  magnified  scale,  using  a  very  weak  cur- 
rent, and  a  condenser  if  possible,  it  may  be  easily  possible  to 
reduce  to  a  very  small  amount  the  motion  of  piston  necessary 
to  make  contact.  For  a  weak  current  a  motion  of  o.ooo^Z  in. 
(0.02  mm)  suffices  for  making  and  breaking  contact.  If  the 
above  dimensions  be  used  and  the  leverage  of  the  key  is  ^^,  the 
motion  of  the  piston  of  chamber  will  be  only  0.CXX578  X  O.02 
=  o.ocxx)i56  in.  =  (0.00004  cm).  Actually  this  motion  will, 
however,  be  greater,  for  several  reasons,  because  in  the  first 
place,  due  to  inertia  of  masses,  the  separate  motions  will  all 
pass  beyond  the  zero  positions,  and  secondly,  elastic  deforma- 
tions of  the  chambers  occur  which  produce  variation  of 
volume  of  chamber  and  unintentional  motion  of  the  electric 
key ;  there  will,  moreover,  be  differences  in  position  of  piston 
relatively  to  the  chamber  because  of  defective  guiding  of  the 
former,  and  finally,  due  to  sluggishness  (lag)  caused  by  the 
action  of  regulating  devices  (in  Fig.  408  the  pump,  in  Fig.  405 
the  clock  and  intermediate  mechanism).  It  was  found  practi- 
cally that  in  form  408,  without  materially  changing  the  result, 
it  was  possible  to  reduce  the  multiplication  to  i/i,  or  to  attach 
the  contacts  directly  to  chamber  and  piston.*  This  shows  that 
actual  motion  of  the  piston  in  the  apparatus  used  may  be 
safely  estimated  at  0.002  in.  (  =  0.005  cm),  an  amount  which 

*  Note  remarks  in  {528^  b). 
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may  perhaps  be  reduced  in  new  designs  when  considering  all 
of  the  circumstances  previously  discussed.  If  this  be  used  as 
a  basis  of  calculation  it  will  be  found  that  to  produce  a  change 
of  motion  of  the  piston  0.0915  cu.  in.  of  liquid  must  pass 
through  the  pipe,  or  1/8.5  of  that  required  in  form  /.  In  this 
case  it  will  also  be  wise  to  shorten  the  pipe  and  to  make  it 
sufficiently  large.* 

This  volume  of  liquid  may  still  be  reduced  considerably  by 
careful  selection  of  all  dimensions  and  adjustment  of  the  de- 
vices, but  it  will  always  remain  the  essential  difficulty,  which, 
according  to  my  present  experience,  may  be  met  most  satisfac- 
torily by  entirely  shutting  off  the  liquid  in  the  chamber  from 
the  mercury-chamber.  This  has  been  successfully  done  in  the 
latest  apparatus  for  the  50ton  machine  (machine  G  of  the 
Testing  Laboratory) ;  the  two  diaphragms  secured  in  the  con- 
tact-chamber (Fig.  8,  PL  5)  seal  the  liquid  within  it.  The  mean 
ratio  of  area  of  these  diaphragms  and  the  support  is  ^J^,  and  the 
maximum  play  of  the  diaphragms  is  0.0312  in.  (  =0.08  cm) 
limited  by  the  sealing-screws,  their  area  being  0.2  sq.  in. 
(  =  1.3  sq.  cm).  The  total  volume  of  liquid  passing  through 
the  tube  for  each  oscillation  is,  however,  much  less  than 
.0312  X  .2  =  .00624  cu.  in.  (  =0.104  c.  cm),  as  here  also  a 
motion  of  the  point  of  contact  of  but  0.00078  in.  suffices  to 
make  contact.     Assuming  the  play  as  tenfold,  the  motion  of 

.00078 
the    piston     will    be    about    10  X  "^o —  =  0.0000078    in.  = 

(0.00002  cm),  and  this  is  in  fact  very  close  to  the  actual  mo- 
tion of  the  piston,  as  all  errors  previously  caused  by  different 
position  of  the  key  and  defective  guiding  of  the  piston  have 
been  eliminated  in  the  final  form  of  apparatus. 

h.  It  is  no  doubt  of  value  and  instructive  to  also  discuss  the 
failures  caused  by  the  two  last-mentioned  circumstances.     It 

*  Note  that  Emery  uses  pipes  0.048  to  0.058  in.  in  diameter,  and  that 
the  pipes  are  sometimes  made  very  long.  An  accurate  investigation  of 
this  idea  would  be  appropriate  (i'i'9). 
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will  be  seen  how  frequently  neglect  of  deformation  of  detail 
parts  makes  a  problem  more  difficult. 

At  first  I  was  of  the  opinion  that  no  better  guide  could  be 
provided  for  the  piston  than  by  rigidly  connecting  the  column 
to  it,  which  itself  was  guided  by  the  link  57  attached  to  the 
cross-head,  Figs,  i  and  3,  PI.  5,  until  my  attention  was  accident- 
ally called  to  the  fact  that  this  method  of  guiding  was  ex- 
tremely questionable.  The  recording-drum  was  once  operated 
by  the  clock  86,  87  attached  to  the  left  of  it  on  the  main  col- 
umn, for  the  purpose  of  determining  the  reliability  of  the  clock, 
and  intended  to  make  minute-marks  on  the  paper  by  means  of 
the  pencil  83  on  the  mercury-vessel.  At  the  same  time  an  as- 
sistant was  making  a  tension-test  on  the  machine,  and  although 
the  lever  25  was  not  at  all  in  contact  with  the  column  56,  the 
apparatus  began  to  work  in  exactly  the  same  manner  as 
though  set  in  operation  intentionally ;  it  recorded  a  diagram 
which  was  very  similar  to  that  obtained  during  a  tension-test. 
This  was  caused  by  the  fact  that  the  pressure-column  and  the 
support  followed  the  deformation  of  the  testing-machine,  thus 
causing  changes  of  position  of  the  piston  relatively  to  the 
chamber,  which  set  the  key,  then  still  in  use,  into  action.  At 
first  no  explanation  was  found  for  this  phenomenon,  until  ac- 
cident a  few  days  later  again  succored  us.  A  spirit-level  used 
in  the  investigation  of  the  causes  of  the  phenomenon  was  lying 
beside  the  left-hand  column  2  on  the  bed  I  of  the  machine, 
and  plainly  showed  flexure  during  test.  Further  tests  showed 
that  the  upper  planed  surface  of  the  bed  near  the  left-hand 
column  was  deflected  15  sec.  in  the  axial  plane  of  the  ma- 
chine under  a  load  of  15  tons,  while  no  change  was  shown  by 
the  level  when  placed  beside  the  hydraulic  cylinder  at  the 
centre.  In  a  direction  at  R.  A.  to  the  first  position  of  the 
level  the  deflection  measured  at  the  edge  of  the  bed,  on  the 
central  plane  of  column  2,  was  6.3  sec.  under  a  load  of  15 
tons;  at  the  central  plane  of  the  cylinder  12.6  sec.  under 
same  load,  and  these  deflections  also  had  opposite  inclinations* 
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After  this  experience  the  rigid  connection  of  piston  and 
pressure-column  was  discarded,  that  at  present  used  adopted, 
and  a  guide  for  the  piston  was  introduced.  The  electric  key 
attached  to  the  edge  of  the  support  was  also  discarded,  and  it 
was  attempted  to  make  it  independent  of  the  deformation  of 
the  piston,  by  using  the  relative  motion  of  pressure-column  and 
frame  of  calibrating  weights.  For  this  purpose  a  steel  rod 
5^  in.  long  and  0.08  in.  diam.  was  used  to  transmit  the  motion 
to  the  end  of  the  key,  which  had  a  ratio  of  -^^j^.  This  rod  was 
again  a  source  of  trouble.  For  as  soon  as  an  open  door  or 
window  produced  a  current  of  air,  the  diagram  became  ser- 
rated, which  did  not  represent  the  character  of  the  material 
The  slightest  thermal  changes  immediately  affected  this  rod, 
and  produced  changes  of  position  of  equilibrium  of  the  support- 
piston  which  caused  changes  in  the  height  of  the  column  in 
the  mercury-vessel.  Only  when  the  electric  key  was  made 
dependent  upon  the  motion  of  the  liquid  in  the  pipes  alone 
results  quite  satisfactory  were  obtained. 

i.  But  the  recognition  of  the  fact  that  the  volume  of  the 
liquid  in  motion  is  the  essential  condition  of  satisfactory  action 
was  the  reason  for  pursuing  the  subject  still  further.  Further 
attempts  were  made  to  reduce  [the  motion  by  the  principle 
shown  by  Fig.  409.  In  order  to  reduce  the  effective  area  of 
the  mercurial  contact-chamber  to  a  minimum,  and  at  the  same 
time  to  remove  the  resistances  to  motion  which  the  small  dia- 
phragms may  still  produce  by  unsymmetrical  stress,  they  were 
replaced  by  a  small  rubber  sack  c,  which  seals  a  small  glass 
globe  a  filled  with  mercury ;  the  sack  fits  into  the  end  of  pipe 
^  leading  to  the  support.  Under  increasing  pressure  in  ^  the 
mercury  passes  from  a  through  an  orifice  of  about  0.003  sq.  in. 
section  into  the  bulb  6,  forming  a  globule,  and  until  it  comes 
into  contact  with  the  platinum  point  e,  b  contains  a  non-con- 
ducting liquid,  and  hence  the  current  is  only  closed  upon  mak- 
ing metallic  contact.  A  second  sack,  d^  seals  the  bulb  b  and  the 
non-conducting  liquid  from  the  pipe  h  leading  to  the  recorder. 
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Assuming  the  motion  of  the  globule  of  mercury  to  be  0.02  in. 
(0.05  cm),  the  liquid  to  be  displaced  would  amount  to  0.00006 
cu.  in.  (=  o.ooi  c.  cm)  and  the  corresponding  motion  of  the 
piston  to  0.00000039  in.  (=  o.oooooi  cm).  The  motion  of  the 
test-piece  supported  by  the  scale-beam  would  be  ^^  of  this 
amount,  if  it  were  possible  to  produce  an  absolutely  rigid 
machine-frame  ;  actually  elastic  deformations  of  the  frame  must 
also  be  considered.  If  sudden  greater  variations  of  load  occur, 
as  at  the  instant  of  rupture,  the  clock  is  not  able  to  follow  them 
instantly  and  the  small  rubber  sacks  must  absorb  the  excess  of 
load  and  become  check-valves ;  hence  arises  the  case  of  the 
scale-beam,  in  which  it  comes  to  bear  against  the  upper  or 
lower  stop,  transmitting  its  remaining  moment  of  force  to  the 
frame.  This  will  produce  a  transfer  of  the  liquid  in  the  rubber 
sacks,  which  is  estimated  to  amount  to  about  0.03  cu.  in.  (=  0.5 
c.  cm),  corresponding  to  a  motion  of  the  piston  of  0.000002  in. 
(=  0.000005  cm),  representing  the  maximum  play  of  the  dia- 
phragm ;  it  would  be  equalized  by  an  extension  of  the  test- 
piece  amounting  to  about  0.0000000078  in.  (=  2  ten-millionths 
millimeters).  Hence  the  bar  would  be  released  from  all  load 
by  a  very  minute  residuary  extension  when  the  test  is  inter- 
rupted by  stoppage  of  the  machine,  if  the  elastic  deformations 
of  the  machine,  acting  like  a  spring,  did  not  strain  it  and  neces- 
sitate greater  motion  to  release  all  load. 

It  was  precisely  this  exceedingly  favorable  application  of 
load  to  the  test-piece  which  enabled  it  to  adjust  its  resistance 
to  any  speed  of  loading  that  induced  me  to  adhere  tenaciously 
to  the  realization  of  the  fundamental  principle  adopted  by  me, 
and  will  be  the  cause  of  further  study  in  the  same  direction,  by 
searching  for  designs  which  will  permit  the  work  of  deforma- 
tion of  machine-frames  to  be  reduced  to  a  minimum.* 


*I  desire  at  this  place  to  again  repeat  that  it  would  be  alto- 
gether wrong  to  use  c  om  p  1  icated'd  e  signs  for  machines 
for  routine  work.  The  simplest  is  the  best,  and  an  accuracy  of  1% 
suffices. 
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I  desire  to  call  attention  to  the  cause  which  produces  the 
irregular  appearance  of  the  curves  recorded  by  the  machine ; 
it  is  the  inaccuracy  in  the  chains  used  to  transmit  the  motion 
of  the  mercury-vessel.  This  always  produces  a  serrated 
appearance  of  the  diagrams,  although  the  oscillations  of  the 
mercury-vessel  about  its  position  of  equilibrium  are  so  very 
small  -that  their  effect  on  the  motion  of  the  pencil  can  hardly 
be  seen  with  the  naked  eye  (see  Fig.  410).  These  reasons 
were  the  cause  for  substituting  for  the  clock  a  pump-cylinder, 
operated  by  the  city  water,  the  piston  of  which  transmits  its 
motion  directly  to  the  mercury-vessel.  (This  device  gave  but 
little  satisfaction  in  service  because  of  the  impurities  in  the 
water.)  At  the  same  time  it  shall  be  attempted  to  dispense 
with  the  relay  by  using  a  duplex  device  like  that  shown  by 
Fig.  409,  and  avoiding  oscillations  about  the  position  of  equi- 
librium, permitting  the  loading-device  to  come  to  rest  as  soon 
as  the  test-piece  comes  to  rest.  The  character  of  this  device 
is  shown  by  Fig.  411;  it  will  be  readily  understood  if  it  is 
stated  that  the  electromagnetic  governor  of  the  pump  IV 
comes  into  action  only  when  metallic  contact  is  made  at  k^ 
and  k^ ;  as  soon  as  the  contact  is  broken  one  or  the  other  of 
springs  F^  or  F^  draws  the  valve  5  into  its  mean  position,  clos- 
ing both  ports,  or  at  least  opening  them  to  a  like  degree.  The 
play  of  the  two  keys  i^  and  i,  may  be  adjusted  by  means  of 
the  adjusting-device  R  in  such  manner  that  the  slightest 
change  of  pressure  will  make  or  break  contact. 

k.  As  will  be  seen  from  the  foregoing,  there  are  several 
causes  which  produce  slow  variations  in  the  internal  resistances 
and  the  ratios  of  multiplication,  and  it  was  initially  considered 
necessary  to  have  a  rapid  and  convenient  means  for  calibrat- 
ing the  diagrams  of  the  recorder.  For  this  purpose  the  series 
of  calibrating  weights  is  used  primarily,  by  which  the  record 
of  load  is  invariably  recorded  on  the  paper  both  before  and 
after  test.  The  arrangement  of  the  calibrating  weights  is  the 
same  as  that  of  the  main  balance-weights.     The  value  of  loads 
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corresponding  to  length  of  ordinates  recorded  on  the  paper 
may  also  be  determined  at  any  time  during  test,  by  loading 
the  right  side  of  the  machine  by  the  balance-weights  until  the 
left  hand  knife-edges  are  just  released  from  the  pressure- 
column.  The  recorder  returns  to  o,  and  the  weight  on  the  right 
side  indicates  the  value  of  the  ordinate.  Meanwhile  the  stress 
in  the  test-piece  remains  unchanged. 

The  present  arrangement  (as  described  under  e  and  g)  has 
answered  admirably,  except  as  to  the  slight  defects  noted  in 
the  investigation  of  resistance  of  heated  iron  ;  see  (Z  7,  1890, 
Part  4),  in  which  the  results  found  during  calibration  are  also 
given.  The  small  serrations  produced  by  the  irregularities  of 
the  clocks  interfere  but  little,  and  still  permit  sufficiently 
accurate  interpretation  of  values  of  ordinates.  The  ordinates 
are  sufficiently  proportional  to  loads. 

By  use  of  such  automatic  loading-devices  it  is  ultimately 
possible  to  obtain  the  record  at  any  desired  point,  and  in  fact 
close  to  the  test-pieces  in  large  machines,  as  the  system  may 
be  modified  in  many  ways.  But  in  this  case  it  should  again 
be  tried  to  use  a  spring-gauge  to  obtain  simpler  devices  i  11 
order  that  the  load-indicator  may  be  placed 
in   any   desired    position    near   the   machine. 

/.  To  complete  the  description  of  the  machine  at  this  time, 
two  additional  devices  should  be  mentioned :  a  clock  on  the  left 
column,  originally  used  for  automatically  governing  the  piston 
speed,  but  which  was  found  to  be  unnecessary  and  is  now  used 
occasionally  to  revolve  the  recording-drum  uniformly;  the 
additional  devices  are  two  Lo  e  we  heaters.  Only  the  one  on 
the  right  side  is  shown.  They  serve  for  heating  the  test-pieces 
in  an  oven  suspended  from  the  machine,  Fig.  18,  PI.  5,  when 
tests  are  to  be  made  at  high  temperatures  {2^^-jo8)  {L  /, 
1890,  Part  4). 
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D.  Desig^ns  of  Machines  for  Various  Kinds  of 

Tests. 

1.  If aernberg  Stock  Co.,   for  Machine  Construction ;   for- 
merly Klett  &  Co.,  Nuernberg.    (Pi.  3-5.  ^  ^39-) 

564.  In  General.  This  concern  builds  the  Werder 
and  Martens  types  of  testing-machines.  The  Werder 
machine  has  been  introduced  even  outside  of  Germany ;  of 
the  Martens  machine  but  one  has  been  built,  for  the 
Charlottenburg  Testing  Laboratory,  although 
it  has  given  satisfaction  in  every  respect  during  fifteen  years  of 
constant  use.  The  general  details  of  these  machines  have 
been  described  in  {453,  483,  48^^  4^5  and  497\ 

565.  Design.  The  Werder  machine  is  horizontal, 
arranged  for  tension,  crushing,  transverse,  thrust,  torsion, 
shearing  and  punching  tests  ;  it  is  generally  built  of  100  tons 
capacity,  PL  3,  and  has  become  especially  known  through 
Bauschinger's  numerous  and  important  investigations. 
A  smaller  machine  of  slightly  different  construction  is  built 
by  the  Company  like  that  shown  on  PI.  4,  Figs.  6-15.  The 
large  machine  is  driven  by  hydraulic  power  {4S3\  the  smaller 
by  screw  20-26,  Figs.  6-8,  which  can  be  regulated  by  hand 
by  means  of  rods  and  levers  27-34.  While  the  load-in- 
dicator is  movable  and  at  the  same  end  as  the  power  in  the 
larger  machine,  the  two  act  at  opposite  ends  in  the  small 
machine  and  are  bolted  to  the  bed  The  large  machine 
is  intended  for  long  and  large  pieces  (31  ft.  in  tension  24.6  ft. 
in  thrust,  and  11.5  ft.  in  transverse  test) ;  the  small  machine 
can  test  pieces  7.5  ft.  in  tension. 

566.  The  Martens  machine  (Z  //j,  7/5,  162)  has  been 
so  to  say  built  as  a  special  machine  for  the  Charlotten- 
burg  Testing  Laboratory.  It  serves  almost  entirely 
for  tension-tests  of  round  bars,  especially  for  tests  with  instru- 
ments of  precision  for  the  determination  of  elastic  properties, 
for  tensional  resistance  of  metals  at   different  temperatures, 
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and  because  of  its  sensitiveness,  for  more  delicate  tests.  As  it 
has  been  found  reliable  and  very  constant  in  lever-ratios  dur- 
ing the  frequent  calibrations  and  also  under  dead  loads  up  to 
liyOCO  lbs.  (5000  kg),  itisnow.used  as  the  starting- 
point  in  all  calibrations  of  the  testing-ma- 
chines at  the  Char  lo  t  ten  b  u  rg  Laboratory. 
The  different  details  have  been  described  in  (50<P,  j^j,  j-?-/, 
5J^f  54-^>  5^3)*  It  may  be  again  emphasized  that  the  machine 
was  so  designed  as  to  be  operated  and  controlled 
by  a  single  observer  from  his  position  behind 
the  reading-telescopes,  a  principle  which  is  em- 
bodied in  all  the  machines  at  the  Laboratory  except  the 
W  e  r  d  e  r .  An  assistant  is  required,  as  in  every  case,  only 
for  adjusting  the  mirror  apparatus  to  zero  reading. 

567*  Tension-test.  The  devices  used  with  these 
machines  for  tension-test  are  known  from  their  descriptions  in 
i^?"?^)'  The  numerous  devices  used  byBauschinger  in 
the  W  e  r  d  e  r  machine  are  described  in  his  **  Mittheilungen  *' 
{L  2).  T  e  t  m  a  j  e  r  also  described  many  devices  (Z  j).  At- 
tention may  be  called  to  PI.  5,  Figs.  12-17,  which  show  the 
holders  of  the  Martens  machine.  Figs,  15  and  16  illus- 
trate the  holders  for  copper  flat-bars,  etc.,  which  require  less  than 
20,000  lbs.  max.  load.  It  consists  of  serrated  liners,  fitted  in 
spherical  bearings  in  the  sliding  wedges.  A  similar  shackle  is 
used  by  Riehl6,  PL  19,  Fig.  25.  The  serrated  liners  can  ad- 
just themselves  neatly  to  the  cheeks  of  the  test-pieces,  and 
are  arranged  so  that  both  wedges  must  advance  simul- 
taneously (72).  Fig.  14,  PI.  5,  shows  holders  for  tension-test 
pieces  }  X  f  in.  section,  for  determination  of  factors  of  elas- 
ticity of  mortar  and  concrete.  Fig.  17  shows  holders  for 
determination  of  adhesion  of  glue  and  similar  materials.  The 
two  blocks  of  wood  glued  together  crosswise  of  each  other 
are  provided  with  iron  plates  at  their  inner  ends,  one  having  a 
conical  cavity,  the  other  a  groove,  into  which  the  spherical  bear- 
ing-ends of  the  claws  fit  neatly  without  constraint,  one  in  the 
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cavity,  the  other  in  the  groove.  As  these  depressions  are 
made  to  a  jig,  the  direction  of  stress  must  pass  very  nearly 
through  the  centre  of  the  layer  of  glue.  After  each  test  the 
glued  surfaces  are  planed  off,  thus  always  using  fresh  surfaces ; 
they  are  glued  in  a  special  device  under  a  dead  load,  and 
hence  without  joiners'  clamps. 

568.  Crushing-  and  thrust-tests.  The  platens 
for  crushing-tests  have  been  indicated  in  (7j),  and  for  the 
large  100-ton  machine  are  illustrated  on  PI.  3,  Figs.  13-17.  {L 
/,  2  and  J  describe  further  detail,  especially  for  thrust-tests.) 
Figs.  15  and  16  illustrate  the  centring  devices  designed  by 
Bauschinger;  Fig.  18  shows  the  mirror  apparatus  attached 
to  a  crushing-cube.  The  holders  for  the  so-ton  machine  are 
shown  on  PI.  4,  Figs.  10-12. 

As  the  driving-mechanism  and  load-indi- 
cator act  directly  on  the  test-piece,  the  ap- 
plication of  load  must  be  indirect  in  the 
c  r  u  sh  i  n  g- 1  es  t ,  because  of  the  necessity  of 
completing  the  cycle  of  forces,  as  is  done  in  all 
machines  constructed  on  the  same  principle,  see  Fig.  412.  The 
construction  will  be  understood  from  Figs.  10-12.  In  the 
thrust-test  the  Werder  machine  is  arranged  as  shown  by 
Figs.  8-12.  The  tension  forces  of  the  machine  are  transmit- 
ted to  the  test-piece  by  the  cross-head  23,  rods  59,  and  scale  41, 
42,  thence  to  the  bearing  43,  44,  braced  from  the  frame  of 
machine.     Measurements  are  made  as  stated  in  {igo-igS). 

569.  Transverse  Tests.  The  Werder  100-ton 
machine  is  no  doubt  more  suitably  equipped  for  transverse 
test  than  any  other  German  machine.  The  arrangement  is 
shown  by  Figs.  23-25,  PI.  3.  To  make  transverse  tests  the 
heavy  cast-iron  girder  46,  13  ft.  long,  supported  by  girder  38, 
is  braced  against  the  bed  S;  it  serves  to  support  the  test-piece 
51,  the  supports  of  which  may  be  spread  11.5  ft.  Rollers  50, 
carried  on  supports  49,  adjustably  mounted  on  the  graduated 
girder,  provide  proper  bearings  at  desired  distances. 


4^4  IV.  Testing-machinbs.  (570,  571.) 

The  scheme  for  the  method  of  measuring  deformations  used 
byBauschinger  is  described  in  (/*o,  Fig.  127 ;  also  com- 
pare 680,  6po,  706).  How  the  Martens  machine  has  been 
occasionally  used  for  transverse  tests  is  shown  by  Fig.  396 
(55^).  The  principle  shown  by  Fig.  413,  which  is  used  in  many 
machines,  is  employed  for  this  purpose. 

570.  Torsion -tests.  The  devices  for  the  looton 
Werder  machine,  for  torsion-tests,  are  shown  on  PI.  3  by 
Figs.  26-31. 

The  bearing  53  for  the  torsion-test  is  placed  upon  the  beam 
46  used  for  the  transverse  test,  after  a  small  prop  is  previ- 
ously placed  under  it.  The  abutment  contains  the  gear  57 
with  the  jaws  56  for  the  test-piece  55.  The  test-piece  is 
gripped  as  shown  by  Figs.  143-147  (^oj).  The  test-piece  is 
similarly  secured  to  the  arm  54,  which  can  revolve  in  and  is 
supported  by  the  casting  52.  This  casting  is  again  secured  to 
the  beam  46.  The  carriage  48  is  then  pressed  against  the 
bracket  54  by  means  of  the  scale  and  the  tie-rod  47,  and  thus 
exerts  a  torsional  moment  on  the  test-piece.  The  measurements 
of  deformation  are  made  on  the  principle  of  Bauschinger, 
illustrated  by  Figs.  151  and  152  {20s)  and  PI.  3,  Figs.  26,  30, 
and  31,  or  by  the  Martens  mirror  apparatus  {206,  6p2  et 
seq.).  The  arrangement  is  made  clear  by  the  previous  de- 
scription. 

571.  This  arrangement  for  torsion-tests  may  be  described 
as  a  weak  point  of  the  Werder  machine.  Werder 
therefore  made  a  design  for  a  better  type,  which  is  built  by 
the  Nuernberg  Machine  Works,  in  the  form  shown  on 
PI.  4,  Figs.  16-21,  for  the  loo-ton  machine;  this  device  can 
however,  be  used  only  where  a  mechanical  belt  transmission  is 
available. 

It  is  driven  by  straight  and  crossed  belts  from  shaft  17  by 
15,  shaft  14,  worm-gearing  13,  12,  11  to  the  test-piece  8,  which 
is  attached  by  its  other  end  to  the  bracket  5,  supported  on 
knife-edges.     This  bracket  transmits  the  force  of  the  torsional 
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moment  to  the  scale.  This  device  is  much  superior  to  that 
first  described,  because  the  sources  of  error  are  materially  re- 
duced by  the  independent  drive,  and  especially  by  support  of 
the  bracket  5.  The  bracket  5  does  not  shift  its  position  no- 
ticeably, while  it  must  describe  a  large  arc  in  the  other  design 
before  the  whole  device  can  be  reversed  so  that  the  pawls  in 
wheel  57,  PI.  3,  Fig.  28,  may  be  changed.  This  necessitates 
frequent  interruption  of  the  test,  while  it  may  be  continued  at 
will  with  the  device  shown  on  PL  4. 

572.  Shearing  and  Punching  Tests.  Wer- 
d  e  r '  s  arrangement  for  shearing  and  punching  is  shown  in 
PI.  3,  Figs,  19-22.  The  shear-blades  and  punches  are  secured 
to  the  blocks  83  and  84,  the  latter  bearing  against  the  beam  46 
used  for  transverse  tests,  while  83  is  pressed  against  the  test- 
piece  by  means  of  the  carriage  45  and  the  rods  17. 

573.  Tests  of  large  buckle-plates,  ceilings, 
arches,  girders,  and  all  kinds  of  spreading  details  of 
constructions  and  of  machines  may  be  tested  by  the 
W  e  r  d  e  r  machine  after  removal  of  the  girders  38,  Figs,  i 
and  2,  PL  3.  Dimensions  may  be  of  any  limit  if  a  pit  be  pro- 
vided in  the  floor  during  erection.  Proper  abutments  must  of 
course  be  provided,  which  should  bear  against  the  frame  5  of 
the  machine. 

As  will  be  seen,  the  W  e  r  d  e  r  machine  is  very  convenient 
for  tests  under  most  manifold  conditions,  and  this,  in  addition 
to  the  pre-eminent  merit  of  Bauschinger,  was  the  prin- 
cipal reason  why  it  was  so  highly  praised  and  largely  intro- 
duced in  spite  of  many  inconvenient  points. 

2.  Mannheim  Machine  Works,  Mohr  &  Federhaff,  in  Mann- 
heim.   (PI.  6  and  7.)    {L  sy^  1882,  p.  545  ;  12^  1884,  p.  141.) 

574»  In  Gen  era  L  The  M  a  n  n  h  e  i  m  Machine  Works 
make  a  specialty  of  building  testing-machines  of  all  types  and 
for  all  purposes,  as  will  become  manifest  from  PL  7  and  the  ap- 
pended  explanations.     It  will  not  be  necessary  to  give   a 
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detailed  description  of  the  tension-machines  additional  to  the 
many  details  given  in  (7^,  376,  ^7p,  ^p^,  4.^3,  517). 

575.  The  machines  are  vertical,  operated  by  mechanism 
or  by  hydraulic  pressure,  by  hand  or  by  power.  Loads  are 
almost  invariably  measured  by  the  beam-scale. 

576.  Tension-test.  The  holders  for  tension-test 
have  been  previously  described  in  {67— yj).  Special  attention 
is  called  to  the  devices  shown  on  PI.  6,  Figs.  II-20.  Two  or 
three  liners  are  first  placed  in  the  cylindrical  recesses  in  the 
holders,  which  take  the  wedges.  In  this  manner  the  gripping- 
wedges,  by  turning  in  the  cylinder,  may  adjust  themselves  to 
the  surfaces  of  test-pieces  when  they  are  not  parallel.  The 
wedges  are  compelled  to  advance  simultaneously,  being  con- 
nected by  pins.  In  tension-holders  for  wire  rope  they  take 
the  shape  of  the  B  a  u  m  a  n  n  socket.  The  gripping  surfaces 
of  these  wedges  are  poured  with  a  soft  alloy.  *  B  a  u  - 
schinger,  Kirsch,  Tetmajer,  and  others  used 
similar  alloys  for  their  clamps. 

577.  Crushing-test.  The  devices  for  crushing-test 
are  as  in  scheme  Fig.  412;  they  are  illustrated  on  PL  6, 
Figs.  5-8. 

578.  Transverse  Test.  The  tension-machines  are 
equipped  with  devices  for  transverse  loading  based  on  the 
scheme  of  Fig.  413,  which  are  not  here  shown  in  detail,  but 
can  be  seen  in  the  catalogues  of  the  firm.  PL  7,  however, 
shows  a  few  special  machines  for  transverse  tests  of  cast  iron, 
Fig.  8,  of  springs.  Fig.  2,  and  of  rails,  Fig.  6. 

a.  The  machine  shown  by  Fig.  8,  PL  7,  for  testing  cast 
iron  is  based  on  the  principles  shown  in  Fig.  414.  The 
scale  4,  5  is  built  in  a  frame,  which  is  raised  by  screw-gearing 


*   The    Charlottenburg     Testing     Laboratory    uses    the 
foUowing  alloys  for  its  Baumann  rope-sockets  : 

a)  50  Sn+50  Pb  melting-point  250*  C.  ;— 5ji/=  380  at.  and  Ss=3So  at. 

6)  41  Sn-f4i  Pb+i8  Sb  "  260'  C.  ;     "  =1150  at.     "    **  =640  at. 

c)  36.5  Sn-l-36.5  Pb+27Sb       "  200*  C.  :     **  =i2Wat.    •*    **  =570  at. 
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6,  7,  while  the  scale  is  kept  in  balance  by  shifting  the  poise. 
Loads  are  indicated  by  the  poise  to  o.2  lbs.  (o.i  kg);  maxi- 
mum loads  are  from  1300  to  2200  lbs.  {600  to  1000  kg); 
bearings  may  be  shifted  to  from  23  and  to  40  in.  (580  and  1000 
tnm).  Deflections  may  be  read  to  -g^-^  in.  (o.i  mm)  by  the  in- 
dicator 8,  9,  Fig.  414,  the  scale  being  adjustable,  so  that  the 
initial  reading  may  be  made  at  o. 

d.  The  machine  shown  by  Fig.  2,  PI.  7,  is  used  for  testing 
leaf  and  spiral  springs.  It  is  operated  by  hydraulic 
pressure  or  by  screw,  and  provided  with  a  decimal  scale,  and 
so  arranged  that  the  loaded  spring  may  be  subjected  to  vibra- 
tions. The  spring  may  be  supported  by  links  so  that  the  ends 
are  free  as  in  actual  service.  Deflections  of  the  springs  are  in- 
dicated by  a  pointer  on  the  frame.  The  machines  are  built  of 
various  capacities  up  to  35,cxx)  lbs.  (16,000  kg)  for  lengths  of 
springs  up  to  98  in.  (2500  mm). 

c.  Rail-bending  machines  are  built  according  to  Fig. 
6  up  to  83  tons  (80,000  kg)  capacity.  Distance  between  sup- 
ports is  variable  between  19^  and  39  in.  (500  and  1000  mm). 
They  are  driven  by  hydraulic  pressure,  and,  as  in  case  of  other 
machines  built  by  the  firm,  may  be  operated  by  hand  or  by 
power,  or  as  shown  by  Fig.  6  by  an  intensifies 

579.  Shearing-tests  are  made  as  shown  by  Figs.  9 

and  10,  PL  6,  by  inserting  the  steel  rings  216,  Fig.  161,  in  the 

« 

jaws,  thus  shearing  the  test-piece. 

580*  The  Mannheim  Machine  Shops  builds  de- 
vices as  in  Figs.  9,  10  and  11  for  bending  and  folding 
tests,  some  of  which  are  partly  driven  by  hand  and  some  by 
belts.  By  machines  built  as  in  Fig.  20,  flat  bars  of  2  X  f  in. 
may  not  only  be  bent  about  definite  radii,  but  they  may  also  be 
doubled  up.  Machines  as  per  Fig.  1 1  may  test  flat  bars  of  2  X  i 
in.  section. 

681.  Torsi  o  n -test.  Fig.  12  shows  a  machine  for 
torsion-tests  of  wire,  up  to  0.27  in.  (7  mm)  diam.,  while  at 
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the  same  time  subjected  to  tension.     The  number  of  revolu- 
tions is  indicated  by  a  counter. 

582»  Devices  for  b e  n  d  i  n  g  - 1  esf ts  of  wire  {394)  m  a- 
chines  for  testing  chains,  couplings,  etc.,  are  also 
made  by  the  firm.  A  strong  beam  may  be  attached  to  the 
holders  for  the  purpose  of  calibration  by  means  of  standard 
weights  placed  on  scale-pans  suspended  from  the  beam. 

S.  Alsatian  Machine  Co.,  Grafenstaden. 

(PI.  8.)  (Z  12,  1882,  p.  8.) 

583»  In  General.  Machines  are  built  in  three  sizes,, 
of  25  and  50  tons  (25,000  and  50,000  kg)  capacity,  according 
to  Figs.  10  and  3,  PI.  8,  driven  by  screw-power,  and  of  100  tons- 
(100,000  kg)  capacity,  driven  by  hydraulic  power.  The  load- 
indicators  of  the  first  machines  are  built  according  to  the 
scheme  Fig.  348  {492) ;  the  scheme  of  the  100-ton  machine  is 
shown  by  Fig.  415.     Scales  are  provided  for  calibration. 

584*  The  large  100-ton  machine  is  built  since  the  sixties 
mainly  as  a  transverse-test  machine,  on  the  design  of 
M  a  r  i  ^,  but  is  also  provided  with  devices  for  tension  and 
crushing  test.  By  means  of  a  knife-edge  the  piston  2  acts  oa 
the  test-piece  3,  supported  on  bearings,  the  resistance  of  which 
is  transferred  to  the  cross-head  4,  and  by  means  of  rods  5  to  the 
scale,  which  is  duplex ;  it  consists  of  pairs  of  levers  6  and  7, 
which  act  on  the  common  poise-beam  8.  Crushing-tests 
are  made  between  piston  2  and  the  cross-head  4.  For  ten- 
sion-tests the  frame  10,  composed  of  4  struts,  is  lowered 
onto  the  table  of  the  piston  2  ;  the  loads  are  then  transmitted 
through  10  by  way  of  4  to  the  scale. 

585.  Tension-test.  The  devices  for  this  need  no- 
explanation,  and  are  shown  by  Figs.  1 1-20. 

Those  for  crushing-test  are  designed  on  principles 
shown  by  Fig.  412  and  Figs.  4  and  5,  PL  8. 

586.  Transverse  Test.  Machines  built  as  shown  in 
Figs.  3  and  10  are  arranged  for  transverse  test  as  shown  by 
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Fig.  413,  and  for  the  50ton  machine  as  shown  by  Figs.  6  and 

7,  PI.  8. 

The  bearing  between  supports  in  the  latter  is  39^  in.  ( = 
I  m),  while  it  is  variable  in  the  similarly  constructed  devices 
for  the  25-ton  machine  from  8  in.  to  39^  in. 

4.  Machine  Shops  of  Heinrieh  Ehrhardt  in  Zella»  St.  Blasii* 

(PI.  9.)    (Z^^9.) 

587*  In  General.  The  Ehrhardt  shops  build  the 
Pohlmeyer  machines  in  three  sizes,  25,  50,  and  100  tons. 
The  machine  and  the  Martens  load-indicator  are  described 
in  all  their  details  and  capabilities  in  (j-y,  534  a-ey  4.65^  ^pj, 
and  533)  so  completely  that  they  require  but  few  more  words. 
The  machines  have  been  so  greatly  perfected  during  their 
many  years'  service  in  the  Charlottenburg  Testing 
Laboratory  that  in  their  present  condition  they  may  be 
fully  recommended  for  practical  use,  because  they  are  very 
convenient  and  readily  controlled  at  all  points  during  use. 
They  require,  however,  like  every  other  testing-maoliine,  an  ini- 
tial and  occasional  calibrations  for  accuracy.  During  the  first 
calibration  the  position  of  the  support  23,  Fig.  2,  should  be 
clearly  indicated  on  the  base-plate  by  a  scribed  line,  plainly 
visible,  in  order  to  show  any  variation  immediately.  The  rapid 
proof  of  accuracy  of  the  machine  up  to  loads  of  10  tons  within 
practical  requirements  can  be  easily  obtained  at  any  time  by 
means  of  the  control-balance  provided  with  each  machine. 
The  more  accurate  investigation  is  made  in  a  much  more 
tedious  manner  by  means  of  standard  bars  {534^  f\  as  long  as 
better  means  have  not  been  found. 

688.  Tension- and  Crushing-test.  The  holders  as 
built  by  Ehrhardt  are  shown  by  Figs,  i  and  2,  PI.  9 ; 
those  used  by  the  Testing  Laboratory  are  shown  in 
scheme  by  Fig.  33  (7/).  For  rounds  a  slide  as  in  Fig.  416 
is  inserted  in  the  holders  in  place  of  the  two  serrated  wedges, 
having  a  slot  and  a  spherical  seat  for  the  corresponding  bear- 
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ings.  The  simple  devices  for  crushing-test»  the  lower  one  with 
spherical  seat,  are  drawn  in  Figs.  5-8,  PI.  9.  For  bodies  of 
larger  dimensions  larger  plates  are  placed  over  29  and  30  to 
increase  the  bearing-surfaces. 

589.  Transverse  Test.  For  this  test  supports  33 
and  35,  with  a  long  right  and  left  screw  to  adjust  their  dis- 
tances [which  may  be  39^  in.  (i  m)],  are  attached  to  the  table 
4,  Figs.  I,  2  and  16.  The  bearings  resting  on  these  supports 
should  be  semi-cylindrical  and  loose,  as  shown  in  Fig.  18,  in 
order  that  they  can  be  used  in  case  of  test-pieces  in  wind. 

590.  Shearing-  and  Punching-tests.  The  devices 
for  these  tests  designed  by  myself  have  been  illustrated  in  Figs. 
161  and  168  (216  and  222^^ 

5*    Machine  Shops  of  €•  Hoppe,  Berlin. 

(PI.  10.) 

591.  In  General.  But  one  of  the  5cx)-ton  Hoppe 
machines  has  thus  far  been  built,  and  that  for  the  Chariot- 
ten  burg  Testing  Laboratory.  It  is  long  enough  for 
tension-test  pieces  55  ft.  9  in.  and  thrust-tests  49  ft.  2\  in.  (17 
and  15  m).  The  general  arrangement  is  shown  by  Fig.  417,  in 
which  individual  parts  are  numbered  as  in  PI.  10,  also  by  Fig. 

41 7^. 

692.  It  is  operated  by  a  movable  hydraulic  press,  the 
cylinder  2  being  held  in  the  casting  3,  which,  with  the  ten- 
sion-rods  and  the  casting  4,  forms  the  carriage.  The  latter 
runs  on  wheels  8  on  the  bed-plate  i,  which  forms  its  track 
and  consists  of  two  strong  cast-iron  lattice  girders,  which  are 
braced  by  similar  horizontal  girders  and  are  also  built  into  the 
masonry  foundation.  The  piston  6  is  connected  to  cross- 
head  7,  through  which  and  the  casting  3  pass  the  main  strain- 
ing-spindles 13.  These  spindles  have  a  screw-thread  for 
about  40  ft.  (=  12  m)  which  permits  adjusting  the  position 
of  cylinder  or  piston  to  any  desired  point. 
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a.  This  adjustment  is  made  in  case  of  tension-tests  by 
causing  the  nuts  9  to  bear  against  the  cross-head  J  on  the 
piston  6,  as  shown  in  Figs.  1-3.  The  uniform  adjustment  of 
both  nuts  is  secured  by  bevel-gearing.  If  pressure  be  admitted 
to  the  cylinder,  the  latter  with  the  carriage  is  forced  to  the 
right,  and  the  test-piece  held  by  4  is  subjected  to  tension, 
while  the  main  spindles  13  are  subject  to  thrust.  The  scale 
completes  the  balance  of  forces  between  spindles  and  test-piece 
at  the  other  end  of  the  machine. 

b.  For  thrust-  or  crushing-tests  the  first  pair  of 
tiuts,  9,  is  adjusted  to  free  the  piston,  while  the  second  bears 
against  the  cross-head  3  of  the  carriage,  the  cylinder  thus 
being  fixed  to  the  spindles  13.  The  pressure  will  advance  the 
piston,  producing  thrust  in  the  test-piece,  while  the  spindles 
are  subjected  to  tensile  stress.  Equilibrium  between  both 
forces  is  again  secured  by  means  of  the  scale.  To  transmit 
the  thrust  of  the  piston  to  the  test-piece  and  scale,  a  prolonga- 
tion is  provided  on  the  piston  which  passes  through  the  cross- 
head  4  and  carries  the  platen  at  its  front  end  (spherical  bear- 
ing as  in  Fig,  38). 

c.  Short  Test-pieces,  such  as  stone,  masonry  piers, 
etc.,  may  be  tested  directly  between  the  two  cross-heads  4  and 
7  without  use  of  the  scale.  The  use  of  the  scale  may  be 
omitted  because  very  exhaustive  series  of  tests  have  deter- 
mined the  relation  between  the  hydraulic  pressure  in  the 
cylinder  and  the  loads  indicated  by  the  scale  (5^5,  r),  and  each 
test  made  by  use  of  the  scale  increases  the  certainty  of  the 
empirical  factor  of  effective  hydraulic  pressure. 

593.  As  the  long  spindles  are  subject  to  thrust  in  tension- 
tests,  it  was  necessary  to  brace  them  mutually  by  struts  31-33, 
and  to  connect  them  with  the  bed  of  the  machine.  The  strut 
32  is  movable,  so  that  rods  10  can  slide  it  along  as  the  press 
advances,  but  is  returned  to  its  original  position  when  the  press 
moves  back. 

594*  The  bed  of  the  machine  absorbs  none  of  the  forces 


49^  IV.  Tksting-machinks.  (595*) 

transmitted  by  the  test-pieces,  and  only  that  stress  in  the 
spindles  13  produced  by  flexure,  and  otherwise  merely  serves 
to  support  the  weight  of  the  machine.  The  wheels  of  the 
carriage  are  supported  by  springs,  which  may  be  so  adjusted 
that  all  load  is  carried  by  three  of  the  wheels,  and  the  guides 
in  the  cross-heads  3  and  7  serve  only  to  steady  the  motion. 

595»  The  principles  of  construction  of  the  load-indi* 
cat  or  are  shown  by  Fig.  417.  Tensile  or  crushing  force  in 
the  test-piece  always  tends  to  approach  the  heavy  cast  blocks 
16  and  19  toward  each  other  by  the  reaction  to  the  tension  or 
thrust  in  the  spindles  13,  and  this  tendency  is  counteracted  by 
the  scale,  at  the  same  time  measuring  the  active  forces.  This 
is  done  as  follows : 

a.  In  tension -tests  the  tension  produced  by  4  in  the 
body  is  transmitted  to  cross-head  19.  On  the  latter,  however, 
the  four  cast-iron  angle-levers  40  are  supported  in  bearings.. 
The  knife-edges  at  the  short  lever-arm  act  on  the  struts  17, 
which  bear  by  knife-edges  on  the  cross-head  16.  The  latter 
transmits  the  forces  applied  by  17  by  means  of  the  nuts  15  to 
the  spinflles  13.  The  circuit  of  forces  is  then  closed  by  the 
hydraulic  pressure  in  the  press,  as  previously  stated.  The 
force  transmitted  to  levers  40  tends  to  spread  the  long  arms  of 
the  two  angle-levers.  This  tendency  is  counteracted  by  the 
ties  23,  which  act  on  the  scale-beam  25  supported  by  the  two 
upper  levers.  The  moments  produced  in  the  angle-levers  are 
also  transmitted  to  the  lever  25,  common  to  both  angle-levers, 
and  thence  to  the  travelling  poise-scale  35.  The  entire  load- 
Indicator  is  movably  mounted  on  a  series  of  rockers,  still  to  be 
described;  these  rockers  transmit  the  entire  weight  to  the  bed 
of  the  machine.  The  load-indicator  is  maintained  in  its  posi- 
tion horizontally  by  the  block  14  rigidly  connected  to  the  bed, 
and  holding  the  main  spindles  13.  The  spindles  13  are,  how- 
ever, not  fixed  rigidly  to  the  block  14,  but  are  cushioned  by 
rubber  buffers,  which  counteract  the  inertia  of  masses  at  the 
instant  of  rupture. 
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b.  In  the  thriist-test  the  force  is  transmitted  from  6 
by  means  of  the  test-piece  to  the  cross-head  16,  thence  by 
struts  17  and  angle-levers  40  to  cross-head  19,  which  trans- 
mit it  to  the  spindles  13  as  tension  to  balance  the  press.  The 
action  of  the  scale  is  then  the  same  as  in  the  tension-test. 

c.  The  following  may  be  added  about  the  details  of  the 
load-indicator.  It  is  supported  on  eight  rockers,  26,  27,  28 
and  30,  which  are  attached  to  both  sides  of  the  machine.  The 
rockers  26  and  27  support  the  cross-head  19,  which  for  this 
purpose  is  connected  to  each  side  of  the  machine  by  stout 
struts  34  by  serrations  and  bolts.  The  rockers  each  consist 
of  one  strut  to  transmit  the  dead  weight  of  the  parts  of  the 
machine  to  the  bed.  These  rockers  rest  at  either  end  on  knife- 
edges  in  bearings.  They  are,  however,  at  the  same  time  sur- 
rounded by  straps  which,  bearing  on  knife-edges,  prevent  lifting 
of  the  parts  of  the  machine  from  the  bed.  The  cross-head 
may  therefore  move  freely  in  the  direction  of  the  axis  of  the 
machine,  but  vertical  motion  is  prevented  by  the  rockers  and 
straps.  Tilting  of  cross-head  19  is  also  prevented  in  case 
unequal  transmission  of  loads  to  the  scale  should  produce  this 
tendency.  The  cross-head  16  is  similarly  connected  to  the  bed. 
The  stout  bars  29  form  a  stiff  triangle  with  16,  supported 
by  28  and  30.  The  spindles  1 3  pass  loosely  and  f rictionless 
through  the  chambers  at  the  right-hand  end  of  the  triangle. 

d.  It  will  be  seen  that  the  two  cross-heads  are  free  to  move 
axially  to  the  machine,  and  constantly  act  against  each  other 
by  the  forces  transmitted  in  opposite  directions  by  the  test-piece 
and  the  main  spindles.  When  not  in  service  the  two  cross- 
heads  16  and  19  are  held  in  position  on  the  spindles  by  the  nuts 
15  and  20,  and  therefore  cannot  tip,  although  in  unstable  equi- 
librium, because  prevented  by  the  block  14.  The  friction  in 
struts  31-33  also  assists  in  this  respect. 

e.  As  the  loads  are  transmitted  from  cross-head  to  cross- 
head  by  four  braces,  special  attention  was  given  to  certainty  of 
uniform  transmission.     The  knife-edges  in  the  braces  neces- 
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sarily  became  long  if  the  stress  mentioned  in  {493)  was  not  to 
be  exceeded.  It  is  not  easy  to  obtain  perfect  parallelism  in  all  of 
the  eight  lines  of  contact  (edges  and  bearings),  and  small  errors 
must  be  expected.  Therefore  the  knife-edges  were  fixed  in 
slotted  castings  as  shown  in  Fig.  418,  which  allowed  them  to 
take  a  perfect  bearing  along  their  entire  edges  by  very  slight 
elastic  deformation,  thus  eliminating  the  ever-present  slight 
errors. 

f.  The  cast-iron  levers  40  must  undergo  elastic  deforma- 
tions when  supporting  the  loads  they  are  intended  to  bear. 
If  they  be  then  considered  as  bending  about  the  knife-edge 
assumed  to  be  fixed,  there  will  be  a  point  in  the  long  lever- 
arm  which  will  remain  quite  or  nearly  in  its  original  position^ 
while  the  stress  varies  from  o  to  the  maximum  and  produces 
increasing  deformation.  At  this  point  the  designer  has  located 
the  strut  22  for  the  lower  lever.  This  point  may  be  found  by 
calculation  or  by  trial.  The  Testing  Laboratory  located 
it  in  this  manner  by  applying  mirror  apparatus  at  both  struts 
22,  and  determined  their  elastic  deformations.  The  struts  were 
then  shifted  in  the  axial  direction  of  the  machine  until  the 
elastic  deformations  became  a  minimum  under  maximum  and 
under  zero  loads.  The  struts  were  then  definitely  fixed  in  this 
position. 

g.  The  dead  weight  of  the  angle-levers  40  and  of  other 
parts  of  the  weighing-machine  produced  an  effect  especially 
under  small  loads  of  the  scale,  because  it  produces  an  initial 
stress  in  the  upper  struts  17,  while  the  stress  is  diminished  in 
the  lower  struts.  Therefore  the  dead  weight  of  the  parts  of 
the  machine  had  to  be  transmitted  to  the  bed  of  the  machine. 
This  was  done  by  the  resilient  strut  42  and  balance-lever  43,  as 
shown  by  Figs.  417,  419,  also  417a. 

A.  In  order  to  take  the  impact  coming  upon  the  scale  at 
each  rupture  of  a  test-piece,  a  wooden  buffer  45  is  placed  be- 
tween  each  pair  of  angle-levers  and  attached  to  struts  44. 
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So  as  to  be  able  to  determine  the  lever-ratios  of  the  scale, 
the  designer  provided  a  calibrating-scale  21,  Figs,  i  and  2. 

/.  These  check-balances  are  rarely  reliable  and  can  only  be  used 
for  calibrating  the  machine  under  very  small  loads.  Every  careful 
calibration  of  a  machine  proves  that  this  is  insufficient.  .  The 
Testing  Laboratory  therefore  dropped  the  use  of  a  check- 
balance  from  the  beginning  and  replaced  it  by  a  connecting-rod 
called  into  use  when  testing  short  pieces,  of  such  shape  and  di- 
mensions that  it  could  be  used  as  a  standard  bar  for  calibrat- 
ing the  machine.  It  is  cylindrical,  of  6.3  in.  (160  mm)  diam.  and 
27.25  ft.  (8.4  m)  in  length,  made  of  K  r  u  p  p  gun-steel,  and  was  pro- 
vided with  an  additional  connecting-rod,  as  shown  by  Fig.  420,  of  the 
same  material.  This  additional  rod  was  to  serve  to  prove  the  resistance 
of  the  machine  to  impact  at  the  instant  of  rupture.  It  was  also 
used  at  the  same  time  to  determine  the  material  of  the  standard  bar 
accurately,  so  as  to  obtain  a  comparison  with  the  other  machines  of 
the  Laboratory.  For  this  purpose  the  elastic  behavior  of  the 
additional  rod  was  carefully  determined  up  to  loads  of  no  tons 
(100,000  kg)  in  the  W  e  r  d  e  r  machine,  which  was  carefully  cali- 
brated and  adjusted  before  and  after  the  test.  It  was  then  coupled 
to  the  connecting-rod  of  the  H  o  p  p  e  machine,  and  then  strained 
so  that  the  same  several  mirror  apparatus  used  in  the  W  e  r  d  e  r 
machine  again  gave  the  same  readings  as  before.  For  each  load 
thus  determined  simultaneous  readings  were  taken  on  the  mirror 
apparatus  attached  to  the  large  connecting-rod  of  the  machine  {dpd)^ 
on  the  scale,  and  on  the  gauges. 

By  a  number  of  complete  series  of  observations  it  was  thus 
found  that  the  extensions  of  the  different  parts  of  the  additional 
rod  and  of  the  large  standard  bar  were  proportional  up  to  no  tons 
(100,000  kg)  load,  while  the  scale  showed  insignificant  regular 
variations.  The  several  mirror  apparatus  were  then  removed  and 
the  first  section  of  the  bar  was  ruptured  under  a  load  of  220  tons 
(200,000  kg).  The  test  was  made  by  setting  the  poise  on  the  scale 
to  a  certain  load,  and  attaching  an  electric  key  to  the  beam,  then 
admitting  pressure  to  the  cylinder  by  means  of  a  valve  located  in 
an  adjoining  room,  until  the  beam,  brought  to  a  balance,  touched 
the  electric  key  and  started  a  bell.  After  a  slight  release  the  poise 
was  set  at  a  greater  load  and  the  test  thus  continued  until  rupture 
occurred.  Thereupon  the  sections  intended  to  fail  under  loads  of 
330,  440  and  550  tons  were  ruptured  in  a  similar  manner,  and  the 
fact  determined  that  the  machine  successfully  withstands  such 
shock  and  impact. 

Since  then  the  relation  between  the  readings  of  the  scales,  the 
gauges  {sp^f  0  3"<i  the  elastic  extensions  of  the  large  standard  bar 
have  been  determined  by  frequently  repeated  tests.  It  was  found 
that  the  scale-readings  are  not  strictly  proportional  to  the  exten- 
sions    of     the   standard   bar.       Plotting    them     gave     a     slightly 
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curved  line.  As  experience  at  the  Testing  Laboratory  has 
shown  that  scales  suffer  changes  more  readily  than  standard  bars, 
the  large  standard  bar  shall  in  future  be  used  as  the  standard  for 
all  calibrations  of  machines,  and  corrections  for  scale-readings  will 
be  tabulated  on  the  basis  of  repeated  tests  with  the  standard  bar. 

596.  The  H  o  p  p  e  power-pump  described  in  (^57)  is  used 
for  driving  the  machine  ;  a  pressure  of  420  at.  is  required.  A 
spring  safely-valve  36  is  provided  on  the  high-pressure  pipe 
beside  the  admission-valve  37  on  the  city  main,  for  regulating 
the  pressure ;  the  spring-pressure  on  the  safety-valve  may  be 
regulated  by  a  scale  which  is  divided  in  tons  of  load  trans- 
mitted to  the  test-piece.  Hence  there  can  be  no  greater 
pressure  in  the  cylinder  than  that  allowed  by  the  safety-valve. 
The  observer  controls  all  operations  of  the  machine  personally 
from  his  seat  beside  the  valves.  He  need  not  leave  his  chair  in 
front  of  the  mirror  apparatus  {6g6)^  and  is  able  to  adjust  the 
mirrors  to  zero  from  that  position  personally,  operate  the 
valves  and  scale,  and  read  the  latter  by  telescope  and  reflect- 
ing prism. 

The  water  under  pressure  is  admitted  to  the  cylinder  by 
valves  36  by  means  of  telescopic  tubes.  Stop-  and  regulating- 
valves  for  cylinder  2  and  return-cylinders  5  are  located  in 
front  of  the  cylinder.  The  return-cylinder  pulls  the  piston  6 
back  by  means  of  chains. 

597.  Holding-devices  are  provided  for  tension- 
tests  of  rounds  and  flats  of  large  dimensions,  for  5-in.  angles, 
for  wire  rope,  and  drive-ropes  of  4  in.  diam.  and  more,  of 
heavy  anchor-chains,  etc.  For  tests  of  structural  members 
the  devices  will  be  provided  as  required.  Such  devices  should 
not  exceed  32  in.  in  diam. 

6.  H.  GoUner's  Machine.    (PI.  13.)    (Z  220.) 

598.  In  General.  The  Gollner  machine  has  been 
built  by  the  firm  of  F.  J.  M  u  e  11  er  of  Prague  since  1877.  It 
is  arranged  for  all  kinds  of  tests.     I  can  here  describe  only  its 
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principles ;  G  o  1 1  n  e  r  described  it  in  detail  in  (Z  220).  It  is 
built  for  tension-tests  with  capacity  of  20  tons,  and  for  trans- 
verse and  torsion  tests  with  a  capacity  of  10  tons.  But  it  is 
possible  to  disconnect  the  large  lever,  and  it  can  then  be  used 
with  one  lever  for  tension-tests  up  to  2  tons  for  wire,  leather, 
belts,  wood,  cement,  etc.,  after  attaching  a  small  loading-de- 
vice.   The  details  of  the  machine  have  been  described  in  {4.^2 

479^  49^y  49^^  493)- 

599.  The  scheme  of  the  machine  is  shown  by  Fig.  421. 

It  is  operated  by  hand,  either  by  the  pump  15-17,  PI.  13,  Figs. 
1-5,  or  by  screw-gearing  8-12.     The  press  $  is  carried  on  the 
nut  8.     The  screw  13  envelops  the  piston  7  of  the  press  and 
IS  guided  in  the  machine-frame  3  by  the  cross-head  14. 

600.  The  load-indicator,  previously  described  in 
^{48 J,  4pOy  493),  consists  of  the  levers  33,  43,  and  is  provided 
with  a  poise-weight  and  balance- weight  46-55  deposited  me- 
•chanically.  The  main  lever,  33,  may  occupy  two  positions,  the 
upper  and  the  lower. 

In  the  first  case  the  pressure  acts  at  the  centre  fulcrum 
•upwardly.  The  machine  may  then  be  used  for  all  kinds  of 
tests ;  it  is  mainly  used,  with  this  position  of  levers,  for  ten- 
sion- and  torsion-tests.  The  upward  tension  in  the 
test-piece  is  applied  directly,  but  in  crushing-test,  as  in  Fig. 
412  {s68),  indirectly  by  means  of  the  device  shown  by  Figs. 
II  and  12,  PI.  13.     The  rods  35  are  subject  to  tension-stress. 

In  the  second  case  all  forces  acting  on  the  lever  are  re- 
versed ;  the  machine  is  in  this  position  especially  suited  for 
crushing,  transverse  and  shearing  tests.  The 
force  in  crushing  tests  is  transmitted  by  two  struts  60,  Figs.  4 
and  10,  braced  between  the  fulcra  28  of  the  main  lever  and  the 
carriage  19,  counterbalanced  by  weights  20  and  21.  The 
frame  25  of  the  scale  is  used  as  a  strut  between  the  fulcra  41 
and  42  of  the  two  levers. 

The  correct  adjustment  for  one  or  the  other  condition  of 
the  machine  is   facilitated  by  +  ^^^  ""  signs  for  the  main 


49^  IV.  Testing-Machines.  (601-603,) 

lever  and  the  mark  on  the  pump-lever  17  ;  the  main  lever  33 
can  be  secured  in  its  correct  position  for  -{-  or  ^  hy  the  use 
of  blocking-wedges. 

601.  The  machine  is  operated  for  torsion-tests,  as 
shown  by  Figs.  5  and  6. 

The  arrangement  for  transverse  tests  is  shown  by 
Fig.  4. 

7.  J.  Amsler-Iiafron  &  Son  Machines,  Schaffhaasen, 

Switzerland.    PI.  14.    {Lj.) 

602.  In  General.  The  firm  has  made  the  construc- 
tion of  testing-machines  one  of  its  principal  pursuits.  It 
builds  machines  of  great  variety  and  capacity,  excellently 
constructed. 

As  the  peculiarities  of  the  construction  of  driving  mechan- 
ism {406  a  and  44f),  load-indicator,  and  mercury-gauge  (55J, 
S6i  and  561  a)  have  been  fully  described,  a  rapid  review  of  the 
types  shown  on  PL  14  and  description  of  individual  construe^ 
tions  shall  suffice. 

603  a.  The  simplest  form  of  the  Amsler-Laffon 
machine  is  shown  by  Figs,  i,  3  and  9  in  those  used  for  c  r  u  s  h- 
ing-tests,  built,  as  stated  by  them,  after  consultations  with 
Prof.  L.  de  Tetmajer.  Operation  and  load-indication 
hydraulic,  combined  at  the  same  end  of  the  machine,  some- 
times set  up  independently  of  the  machine  (Fig.  9,  also  Fig.  6), 
loads  applied  to  test-piece  directly.  The  machine  itself  can 
hardly  be  simpler  in  design  and  arrangement  than  in  the  150-ton 
type.  Fig.  9.  If  the  plungers  in  the  press  and  the  reducer  ac- 
tually run  without  friction,  it  must  be  admitted  that  no  objec* 
tion  can  be  raised  against  the  reliability  of  the  machine.  The 
plungers  are  so  long,  and  they  and  the  cylinders  may  be  sa 
easily  and  correctly  fitted  as  designed,  that  oblique  action 
(tilting)  need  not  be  feared.  There  are  no  packings  which 
might  suffer  under  the  effect  of  shock  at  rupture  of  brittle 
bodies.     All  depends  upon  the  question  whether  it  is  certain. 
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that  friction  will  always  remain  a  sufficient  minimum  and  inva- 
riably uniform.  Therefore  great  care  must  be  had  to  keep  all 
dust  or  fragments  of  crushed  material  from  the  surface  of  the 
plunger-rods.  To  prevent  this  tin  casings,  cotton  rings,  etc., 
are  used.  It  will  be  necessary  to  see  to  it  that  sufficient  oil  is 
always  in  the  cylinders,  and  that  it  always  leaks  during  test 
very  slowly.  The  firm  should  not  build  any  additional 
machines  unprovided  with  devices  which  will  at  all  times  show 
the  depth  of  liquid  in  each  vessel,  or  the  position  of  the  mov- 
able plungers. 

d.  Like  all  other  testing-machines,  that  of  Amsler- 
Laffon  requires  periodic  calibration.  Unfortunately  this 
calibration  is  not  as  easily  made  as  in  other  machines ;  the 
check-balance  or  direct  loading  are  only  applicable  within 
small  limits,  and  are  more  or  less  unreliable.  The  use  of  stand- 
ard bars  and  mirror  apparatus  is  inconvenient  because  of  the 
leaking  oil,  because  it  is  not  possible  to  maintain  a  definite 
load,  and  it  is  generally  necessary  to  take  readings  during  mo- 
tion. This  requires  several  expert  observers,  and  is  connected 
with  greater  uncertainties  than  is  the  case  in  machines  which 
permit  maintenance  of  definite  loads. 

The  Charlottenburg  Testing  Laboratory 
has  made  a  series  of  calibrations  of  a  30-ton  crushing-press. 
I  hereafter  publish  some  of  the  results  as  an  example,  but  will 
add  that  the  investigations  shall  be  perfected  and  carried  on 
still  further;  the  results  do  not  thus  far  permit  a  definite 
opinion  on  the  correct  limits  of  error  of  the  machine.  In  one 
series  of  tests  the  press  was  very  accurately  levelled,  and  a 
long  beam  placed  across  the  spherical  bearing  used  for  crush- 
ing-tests, which  carried  the  dead  weight  at  either  end.  This 
was  loaded  so  as  to  produce  as  nearly  as  possible  a  symmet- 
rical load  on  the  plunger.  Two  supports  were  provided  for  this 
beam,  beside  and  independent  of  the  machine,  from  which 
the  rising  plunger  lifted  the  load,  or  which  received  it  when 
descending.    It  was  therefore  possible  to  release  the  load  com- 
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pletely,  and  as  often  as  desired,  at  all  stages  of  the  test.  The 
readings  of  the  gauges  were  then  compared  with  the  weighed 
loads,  and  under  ascending  as  well  as  descending  plunger,  as 
well  as  while  the  latter  was  rotating  or  at  rest.  In  addition 
the  agitator  for  rotating  the  intermediate  plunger  was  either 
operated  by  hand,  or  by  the  machine  in  the  usual  manner,  or 
it  was  left  quiescent.  The  means  of  the  observations  are 
given  in  Table  42,  which  will  explain  itself. 


Table  42.— Calibration  of  tlie  80- ton  Amsler  Macliine  No*  51  by 

Dead  Weight. 

The  readings  are  averages;  the  small  numbers  represent  estimations  (hun- 

dreths  of  scale-divisions). 


Readings  on  Scale  in  kg  (divisions  =  o.x  tons). 

Series 

I 

3 

3 

4 

5 

Loads  in  kg. 

Ascending 

Plunger  ;    Agi- 

Utor  at  Rest. 

AgiUtor  at 
Rest. 

Descendinfif 
Plunger  ;    Agi- 
tator at  Rest. 

Plunger  at 

Rest;  Agitator 

Operated  by 

Hand. 

Ascending; 

Affiutor 

Running. 

1062 
2051 
2797 

1045 
2038 

279a 

10  45 
20  37 
2793 

10  54 
205a 
2809 

1067 
20  6e 
2814 

10  70 
207s 
283s 

at 

Probable  error  of  reading  r  =  ± 

1062 
2051 

2797 

7.2 

4.3 
12.0 

• 

7.8 

4.0 

12.2 

3.2 

7.4 
8.6 

5.5 

7.4 
5-2 

9.6 
3.0 
5.6 

For  ^jP  =  1000  kg  there  will  be  units  of  scale: 

0 —  1062 

0  —  2051 
0  =  2797 

984 

994 
991 

984 

993 
991 

992 

lOOI 

1004 

1005 
1005 
1006 

1008 
1012 
1014 

Mean 

990 

989 

999 

1005 

1014 
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In  order  to  obtain  a  general  idea  of  the  degree  of  relia- 
bility of  the  observations,  I  have  also  added  the  probable 
errors  as  derived  from  individual  readings;  they  vary  from 
±  3  to  ±  12  kg.  It  may  therefore  be  expected  that  errors 
beyond  the  amount  of  30  kg  (66  lbs.),  or  i^,  would  be  rare  in 
this  particular  machine  in  its  condition  when  tested,  and  under 
loads  of  3000  kg  (6  tons).  The  comparison  of  the  different 
series  of  tests  at  once  shows  the  great  influence  of  the  action 
of  the  agitator.  The  probable  errors  are  slightly  greater  on 
an  average  in  the  iirst  three  series  than  in  series  4  and  5. 
Table  43  is  deduced  from  the  calibration  by  means  of  the 
standard  bar. 

As  soon  as  the  new  devices  for  calibrating  standard  bars  and 
mirror  apparatus,  by  use  of  dead  weight,  are  available,  the  cali* 
brations  of  machines  shall  be  still  more  perfected  and  executed 
in  greater  detail. 

c.  The  crushing-machines  are  converted  into 
transverse  machines  in  the  simplest  manner,  as  shown  by 
Fig.  I.  The  two  side  supports  can  revolve  about  the  cylin- 
drical bearing-bar  in  this  machine  of  small  capacity  (tests  of 
tiles,  cement  slabs,  etc.,  up  to  2  tons  resistance),  so  that  they 
may  be  made  to  fit  surfaces  in  wind.  The  central  pressure- 
block  is  fixed  and  may  be  adjusted  by  means  of  screws  before 
test.  For  larger  forces  (up  to  5  tons)  the  machine  Fig.  12  is 
used,  which  is  also  arranged  for  tests  of  standard  cast-iron  test- 
bars  (40"  X  1. 17"  X  1. 17''  =  100  X  3  X  3  cm).  In  this  case  the 
end  supports  are  again  arranged  so  that  they  can  adjust  them- 
selves to  surfaces  in  wind  (see  Figs.  477  and  478).  The  machine 
is  provided  with  a  recorder,  in  which  the  card  moves  with  the 
cross-head  (deflection  =  natural  scale),  while  the  pencil  moves 
normally  to  this  direction,  moved  by  the  rotation  of  the  float 
roller  on  the  mercury-gauge. 

604.  The  tension-machines  must  be  built  on  the 
principle  of  applying  load  indirectly  used  by  Amsler-Laf- 
f o n ,  and  are  therefore   not  as  simple  as  the  crushing- 
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machines.  Different  types  are  shown  by  Figs.  4,  5  and  6. 
The  machine  Fig.  5,  of  25  tons  capacity,  is  provided  with  a 
special  screw-power;  the  hydraulic  cylinder,  therefore,  func- 
tions essentially  as  an  hydraulic  support.  It  is  arranged  at  the 
head,  and  the  upper  holder  is  suspended  from  it  by  a  frame. 
The  lower  holder  is  guided  by  the  side  columns,  and  is  pro- 
vided with  bevel-gearing,  Fig.  20,  by  which  it  can  be  adjusted 
to  a  suitable  height  for  length  of  test-piece  before  test.  All 
the  holders  will  be  described  together  later  on.  The  drawing 
shows  the  Amsler-Laffon  recorder  (7/p)  attached  to  the 
left  column. 

a.  The  50-ton  machine  is  shown  by  Fig.  6  with  an  arrange- 
ment for  transverse  and  crushing  tests.  The  sepa- 
rate screw-power  is  wanting ;  the  adjusting-screw  is  retained. 
The  lower  cross-head  of  the  tension-frame  is  adapted  for 
transverse  tests,  and  is  therefore  connected  to  the  upper  cross- 
head  with  two  additional  straps.  Crushing-tests  are  made 
under  the  lower  cross-head  and  the  head  of  the  press.  The 
holders  shall  be  described  later  on. 

605.  Fig.  2  represents  a  machine,  built  according  to  the 
designs  of  Prof.  C.  v.  Bach,  for  the  purpose  of  making 
tension-torsion-  (simultaneous)  tests  {L  22j),  The  il- 
lustration no  longer  shows  the  machine  in  its  final  form  in  detail 

as  built  at  present.  It  is  constructed  for  torsional  moments 
of  lS,cxx)  cm-kg.  (  =  1075  ft.-lbs.).  The  scheme  of  the  machine 
is  shown  by  Fig.  422.  The  screw-power  3  applies  the  tension 
to  the  test-piece  z  by  means  of  the  cross-head  5.  Tension  is 
thence  transmitted  through  cross-head  7  and  rods  8  to  the  pis- 
ton 3,  and  measured  in  cylinder  10  by  a  mercury-gauge  such 
as  described  in  (s6iy  561(1),  The  bevel-gears  serve  for  rapid 
adjustment  of  the  cross-head  5  to  thelength  of  test-piece;  it 
is  fixed  by  a  dowel-pin.  The  torsional  moment  is  produced  by 
the  worm-gear  6  mounted  on  the  cross-head  5  ;  it  is  transmitted 
by  test-piece  z  to  the  cross-head  7,  and  its  forces  are  measured 
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by  mercury-gauges  in  the  usual  manner  in  the  two  cylinders  1 1 
attached  to  the  machine-frame. 

Details  will  be  found  in  Figs.  423  and  424  and  on  Pi.  14^ 
Fig.  2. 

606.  Another  small  machine  which  serves  for  torsion- 
tests  of  wire  under  simultaneous  tension  is  shown 
in  Fig.  10  (i  J,  1890,  Part  4,  p.  238).  It  is  driven  by  a  crown  wheel 
and  pinion.  The  torsional  moment  is  measured  by  two  revolving 
grooved  spiral  disks  around  which  two  weighted  springs  pass ; 
the  leverage  increases  proportionately  to  the  revolution  of  the 
disks,  while  the  force  remains  constant.  The  recording-drum 
is  mounted  on  the  disk-axis,  on  which  the  torsional  moment 
for  each  revolution  is  recorded.  The  number  of  revolutions 
is  also  indicated  by  a  counter.  The  tension  applied  to  the 
wire  may  be  as  high  as  220  lbs.  (100  kgs).  The  firm  con- 
structs a  simple  little  machine  for  winding-tests  of 
rope  and  telegraph-wire. 

607.  Fig.  13  illustrates  a  70-ton  (70,coo-kg)  bending- 
press  for  bending -tests  (folding-tests,  372-jg2\  in 
which  the  span  and  interchangeable  studs  are  variable.  The 
span  can  be  changed  from  0.8  in.  to  3.6  in.  (2-9  cm)  by 
wedge-shaped  liners  operated  by  a  screw  and  bevel-gears  ;  the 
studs  vary  from  0.2-2  in.  in  diameter  ;  test-pieces  may  be  6.& 
in.  long  and  2.2  in.  wide.  The  test-pieces  may  be  flattened 
down  by  placing  them  sidewise  under  the  plunger. 

608.  Fig.  14  showsa  bending-machine  for  flat-bars  with- 
out bending-stud.  The  firm  describes  this  machine,  which  is 
unknown  to  me,  as  follows  : 

"  The  characteristic  idea  of  this  machine  is  the  adjusta- 
bility of  the  holders.  The  test-piece  is  not  bent  about  a  stud, 
but  bent  unsupported,  and  in  such  manner  that  the  bending- 
moment  is  uniform  in  every  section  of  the  unsupported  part. 
A  homogeneous  bar  will  therefore  bend  to  a  circular  arc. 
Hence  the  curve  assumed  by  the  bar  is  a  measure  of  homo- 
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geneity*  of  the  material  and  of  the  position  of  the  neutral 
axis.  The  bar  is  bent  by  means  of  a  worm-wheel ;  the  bend- 
ing-moment  is  measured  by  a  mercury-gauge,  and  the  amount 
of  distortion  by  a  graduated  circle.  The  free  length  of  test- 
piece  may  be  varied  between  0.8  in.  to  4.8  in.  (2-12  cm). 
This  machine  may  also  be  arranged  for  reverse  bending-tests." 

609.  The  Amsler-Laffon  holding-devices 
are  shown  in  Figs.  425  and  426.  Fig.  425  is  the  arrangement 
of  crushing-test  machines  for  crushing  and  trans- 
verse tests.  The  girder- beam  2  is  provided  with  a  rack  and  a 
scale,  by  means  of  which  the  supports  7  may  be  adjusted. 
These  carry  two  pairs  of  bearings,  8  and  12,  revolving  about 
axes  at  right-angles,  so  that  they  may  fit  warped  surfaces 
neatly.  Crushing-tests  are  made  between  platens  3  and  6. 
Bolt  10  is  a  dowel  to  secure  2  in  proper  position.  This  dowel 
may  be  removed  for  crushing-tests,  thus  leaving  2  free  to 
revolve  and  permit  ready  access  to  the  test-piece. 

Intension-test  machines  the  girder  2  is  suspended 
from  the  tension-rods  i.  Fig.  426.  It  also  answers  as  the 
upper  tension-holder  into  which  the  slide  1 1,  with  the  bearing- 
ring  12  or  13,  for  round  or  flat  bars,  is  fitted.  It  is  assembled 
on  the  floor.  The  test-piece  is  then  inserted  into  the  slotted 
slide  22,  with  which  placed  on  the  ribs  of  the  beam  2  in  front 
of  the  holder  it  can  be  gripped  after  the  lower  jaws  have  been 
raised  to  the  proper  height.  The  holders  (PI.  14,  Figs.  15-17), 
with  gripping-wedges  for  the  100-  and  200-ton  machines,  are 
copied  from  the  Emery  type,  having  wedges  placed  in 
cylindrical  guides  4,  PL  14.  The  shell  2  is  carried  on  a 
spherical  bearing  on  piston  i,  and  surrounds  the  bushing  3 
which  carries  the  wedge-guides  4  and  the  bottom-plate  8  ;  the 
latter  carries  the  springs  9  which  tend  to  close  the  wedges. 
The  two  wedge-holders  may  be  moved  simultaneously  by  the 

*  It  must  be  remembered  that  this  can  only  be  true  to  a  limited  extent, 
for  a  bar  which  is  equally  porous  throughout  its  length,  as  is  easily  pos- 
sible in  a  rolled  bar,  may  nevertheless  bend  in  a  circular  curre, 
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pinion  7,  thus  causing  the  wedges  to  grip  or  release  the  test- 
piece  6.  The  sliding  cylinders  contain  hardened  cylindrical 
bushings  (wedges)  5,  having  gripping  surfaces.  To  inter- 
change the  latter,  cylinders  4  are  drawn  back  into  the  bushing 
3  by  lever  and  pinion  7,  thus  spreading  the  jaws,  and  then 
bushing-wedges  5,  which  lie  loosely  in  4,  can  be  readily  with- 
drawn one  after  the  other,  and  others  inserted  in  their  place. 
The  holding-bushings  lie  loosely  in  4,  and  hence  can  adjust 
themselves  to  the  test-piece.  Other  details  are  shown  by  the 
illustration. 

8.  French  Machines. 

(PI.  15.) 

610.  In  General.  Unfortunately  I  am  not  able  to 
give  more  information  about  French  machines  than  the  incom- 
plete sketches  taken  from  publications,  which  moreover  are  in 
part  old  [compare  {445)  and  explanations  of  PI.  15].  I  have 
to  thank  Prof.  Paul  Debray  of  Paris  alone  for  some  in- 
formation relating  to  French  machines,  for,  with  this  excep- 
tion, letters  addressed  to  the  various  manufacturers  remain 
unanswered,  not  having  been  returned  although  being  super- 
scribed with  my  full  address.  For  these  reasons  I  must 
content  myself  with  the  descriptions  in  PI.  15  and  those 
previously  given.  Details  of  the  following  machines  were 
described  in  the  sections  affixed:  Chauvin  and  Marin 
D  a  r  b  e  1  {SS^)*  loads  indicated  by  diaphragm-gauge ;  H  . 
Thomasset  {SSS)i  loads  indicated  as  before;  Mail  lard 
{44Sf  SS^>  557\  do.;  Curioni-Desgof  f  es-Olli  vier 
(^55),  band  pump ;  Petit  (5/0),  loads  indicated  by  float. 
Descriptions  of  the  machines  will  be  found  in  the  references 
{L  J02y  iij^  183^  ^36)9  some  of  which  also  refer  to  earlier 
publications. 


(611-613.)  English  Machines.  5^7 

9.  English  Machines. 

<P1.  16  and  17.)  L  4g,   1884,  p.  180  ;  55,  1886,  II,  p.  27  ;  -/<?,  1886,  II,  p. 

176  ;  243.) 

J,  Buckton  &  Co.,  Lim.,  Leeds. 

611.  In  General.  This  firm  constructs  mainly  ma- 
chines of  all  sizes  designed  by  its  chief  engineer,  J .  H . 
Wicksteed  {L48,  1891,  II, pp.  144,412).  The  Wicksteed 
machines  have  already  been  discussed  in  {48^)  and  (^/p).  It 
has  been  introduced  extensively  and  is  highly  praised.  I  saw 
one  in  the  United  States,  but  had  neither  time  to  work  with 
it  nor  opportunity  to  examine  it ;  I  have  already  expressed 
my  opinion  {48^)  about  its  external  appearance,  and  my  objec- 
tions due  to  the  effect  of  the  inert  mass. 

Different  types  of  this  machine  are  shown  on  PL  16  and 
Figs.  7,  8,  9,  PI.  17.  They  are  mostly  vertical,  but  some 
horizontal,  the  mighty  lever  resting  on  top  of  the  column  ;  it 
is  provided  with  a  very  large  poise-weight  (5/p)  which  is 
operated  in  various  ways  by  mechanical  means.  These 
weights  are  i  and  ij  tons  for  the  larger  machines.  The  poise 
in  its  extreme  position  on  the  end  of  the  short  arm  balances 
the  weight  of  the  long  arm  (twice  as  great)  and  travels  across 
the  main  fulcrum  to  the  long  arm.  This  reduces  the  mass  to 
a  minimum.  The  pressure  on  the  main  knife-edge  is  said 
not  to  exceed  11,280  lbs.  per.  in.  (2000  kg/cm). 

61!3.  The  100-ton  machine  at  Bradford  College 
stands  in  a  pit,  and  passes  through  the  floor.  It  is  arranged 
for  tension,  crushing,  thrust,  bending  and  torsional  tests. 
When  large  pieces  are  to  be  tested  the  floor  is  removed.  The 
general  arrangement  is  shown  by  Figs.  11  and  12,  PL  16,  and 
hardly  needs  any  explanations  additional  to  those  in  {jip). 

613.  Tension-test.  In  tension-tests  loads  are 
applied  as  shown  in  Fig.  421  {spp) ;  the  upper  cross-head  8  can 
be  adjusted  to  length  of  test-piece  by  the  gearing  9  and  screws 
7,  Figs.  I  and  2,  PL  16.     The  holders  are  shown  in  Fig.  10,  as 
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well  as  the  connecting  clamps  36  for  string  38  between  test- 
piece  and  the  autographic  recorder  36.  The  string  38  is  de* 
tachably  connected  to  the  lower  clamp,  passes  over  a  roller  on 
the  upper,  and  a  guide-link  37  to  the  drum  36,  which  it 
revolves,  while  the  pencil  moves  proportionately  to  the  motion 
of  poise  14.* 

614.  Crushing-  and  thrust-test.  Loads  in 
crushing-test  are  applied  as  shown  in  Fig.  412  (5^<f).  Figs.  I 
and  2  show  the  machine  arranged  for  a  thrust-test  of  a  cast- 
iron  column  ;  the  pressure-platens  are  approached  toward  each 
other  for  a  crushing-test. 

615.  Transverse  Test.  The  principle  of  device 
for  bending-test  is  shown  by  Fig.  427.  Power  and  load-indi- 
cator are  in  indirect  action  as  shown  by  Figs.  9  and  12,  PI.  16. 
The  construction  of  the  points  of  application  of  power  is  pecu- 
liar :  two  free  half-cylinders  are  fitted  in  slots  in  platen  28,  from 
which  they  are  suspended  ;  no  provision  is  made  for  warped 
surfaces  of  test-piece.  The  recorder  may  also  be  used  for  the 
bending-test. 

616*  Torsion-test.  Arrangements  for  the  torsion* 
test  are  shown  in  Figs.  3  to  5.  The  test-bar  34  lies  high  up  at 
the  head  of  the  machine,  so  that  its  axis  coincides  with  the 
edge  of  the  fulcrum,  and  power  is  applied  by  the  worm  33  and 
crank  18.  Torsion  is  transmitted  to  the  recording  drum  by 
means  of  the  small  wheel  35,  Figs.  3  and  5,  and  a  string. 

617.  A  horizontal  Wicksteed  is  shown  by  Fig.  7,  PI. 
17,  and  its  scheme  by  Fig.  428.  Power  and  load-indicator  are 
at  the  same  end  of  machine.  The  indicator  consists  of  an 
angle-lever  5  suspended  from  the  machine-frame,  and  a  ten- 
sion-rod 6  converts  it  into  a  vertical  Wicksteed  machine 
to  a  certain  extent.  The  load  is  transmitted  from  the  piston  2 
to  the  frame  3  and  adjustable  cross-head  9  to  the  test-piece  3^ 
to  the  cross-head  8,  the  rods  4  and  finally  to  lever  5.     Short 


*  See  {S34)  relative  to  guide-rollers,  which  is  not  here  observed. 
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pieces  d  are  tested  under  crushing-pressure  between  8  and  2 ; 
long  pieces  between  9  and  10 ;  and  transverse  tests  are  made 
between  10  and  11.  Torsion-tests  are  made  as  described  in 
{6i6)  The  machine  is  provided  with  aWicksteed  auto- 
graphic recorder  {y2f), 

618.  Two  smaller  vertical  Wicksteed  machines  are 
shown  in  Figs.  8  and  9,  PL  17.  In  addition  to  the  vertical 
machines,  the  firm  also  builds  others  for  tension,  crushing, 
bending  and  torsion,  driven  by  screw  or  hydraulic  power,  as 
well  as  for  testing  chain,  columns,  bridge  members,  springs, 
and  bending-tests 

Fig.  10,  PL  17,  shows  a  heavy  machine  for  the  latter,  and 
built  according  to  principle  described  in  (j/j)  and  illustrated 
by  Fig.  253. 

Greenwood  k  Batlej,  Lim«,  Leeds. 

619«In  General.  This  firm  built  the  universally  known 
machine  for  D.  Kirkaldy  in  London  (Z  121).  This  ma- 
chine has  a  capacity  of  450  tons,  and  is  similar  to  the  more 
recent  large  machine  shown  in  Fig.  430.  The  scheme  shown 
in  Fig.  429  is  also  applicable  in  essential  points  to  the  Kir- 
kaldy machine. 

620.  The  horizontal  Greenwood  &  Batley  ma- 
chines are  driven  by  hydraulic  power,  the  piston  2  acting  on 
the  cross-head  secured  to  four  screws  3,  passing  through  the 
adjustable  cross-head  4,  then  through  z  for  tension  and  through 
b  for  transverse  test.  The  load-indicator  usually  consists  of  an 
angle-lever  7,  acting  on  a  poise-beam  (Figs,  i  and  2,  PL  17); 
in  the  smallest  machines,.  Fig.  6,  the  angle-lever  carries  the 
poise.  In  the  Kirkaldy  machine  the  scale  is  arranged  to 
one  side  and  parallel  with  it,  the  angle-lever  and  weighing- 
beam  being  connected  by  a  beam  swinging  horizontally ;  oth- 
erwise the  construction  of  machine  and  scale  is  the  same  as  in 
the  smaller  machines. 

621.  The  arrangement  for  tension  and  transverse 
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tests  will  be  understood  from  Fig.  429  and  PI.  17,  Figs,  i 

and  2.     The  arrangement  for  torsion -test  is  according  to 

scheme  shown  by  Fig.  431.     The  detail  and  bearings  can  be 

identified  in  Figs,  i  and  2,  PI.  17.     The  lever  2,   attached  at 
centre  of  test-piece   3,  transmits  the  force  as  in  i.     Power  is 

applied  by  means  of  chains  5  and  chain  wheels  4  attached  to 

either  end  of  test-piece.     These  bear  on  the  frame  and  are 

braced  by  rollers  6. 

622.  Machines  for  testing  wire,  textile  fabrics^ 
leather,  etc.,  are  built  vertically  as  in  Fig.  6.  A  portable 
horizontal  chain-tester  is  shown  in  Fig.  4 ;  power  is  mecisured 
by  means  of  a  spring-gauge  on  the  hydraulic  cylinder. 

10.  American  Machines. 

Wm.  Sellers  &  Co.,  Philadelphia,  Pa. 

(PI.  18.)     {L  211^  2ig,  242,) 

623.  In  General.  While  referring  to  descriptions  in 
{48J,  4.85^  SOI  and  559)  I  here  reproduce  my  report  published 
by  the  Zeitschrift  des  Vereins  deutscher  Ingen- 
ieure,  1895,  p.  421.  The  Emery  machines,  built  by  the 
above  firm,  show  very  singular  arrangement  and  detail  of  the 
highest  interest. 

The  machines  are  horizontal.  They  are  operated  by  a 
hydraulic  press,  connected  to  the  load-indicator  by  two  heavy 
spindles,  on  which  its  position  on  the  latter  can  be  adjusted 
by  dowel-pins  (45-ton  machine,  Fig.  344)  or  by  screw-thread. 
Press  and  pressure-abutment  are  secured  to  the  frames  or 
supports  (45-t.  machine.  Fig.  344)  by  friction.  The  actual 
connection  between  these  and  the  foundation  are  two  spring- 
buflers,  which  receive  the  ends  of  spindles.  The  loads  are 
measured  on  the  Emery  system,  by  converting  them  into 
liquid  pressure  (jjp),  which  is  then  transferred  to  an  Emery 
scale  {^502)  and  there  weighed.  The  movable  parts  and  those 
which  are  to  move  in  parallel  directions  are  mainly  guided  and 
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supported    by    Emery's   plate-f ulcra,   which    also   replace 
knife-edges  in  the  scale  (50/,  50-^). 

The  45-ton  machine,  Fig.  344,  can  test  pieces  39  in.  long 
under  crushing-loads  and  i8f  in.  long  in  tension;  the  largest 
pump  drives  the  piston  at  a  rate  of  15  in.  per  min.,  and  the 
piston  travels  24  in.  In  the  90-ton  machine,  Fig.  356,  the 
maximum  length  of  pieces  for  crushing-test  is  92  in.,  and  for 
tension  68  in.;  piston-travel  =  43  in.,  and  speed  4f  in.  per  min. 
In  the  135-ton  machine  these  values  are  214  in.,  153  in.,  43  in. 
and  4f  in. 

624e.  The  load-indicator  scale  is  similar  in  all  machines, 
and  is  generally  based  on  the  following  plan : 

The  block  a^  Fig.  432,  receiving  the  force  from  the  test- 
piece,  is  carried  by  the  diaphragms  h.  On  it  two  star-shaped 
bodies,  b  and  ^,  are  mounted.  During  tension-stress  the 
teeth  of  body  c  bear  on  the  Emery  hydraulic  support  e,  which 
transmits  the  hydraulic  pressure  produced  in  it  to  the  scale, 
while  the  bearing-pressure  (resistance)  is  transmitted  by  the 
intermediate  ring  dto  the  teeth  of  the  bearing  y,  and  by  it  to 
the  two  main  spindles,  Fig.  344,  and  finally  by  them  to  the 
press  which  is  fixed  thereon,  thus  maintaining  equilibrium  in 
this  circuit.  To  insure  firm  bearing  between  c  and  ^,  and  ^and 
/, ,  and  also  to  take  up  the  excess  of  weight  of  scale,  the  spring- 
cushion  (straining-device)  /to  «  is  stressed  in  direction  /.  At  the 
same  time  the  ring^/,  by  a  slight  revolution  of  the  ring  ^having 
inclined  faces,  is  caused  to  bear  firmly  against  bearing  f,  thus 
preventing  shock  on  the  hydraulic  support  at  instant  of  rupjture. 
To  set  the  device  for  crushing-test  the  ring  g  is  liberated,  and 
the  straining-device  /to  n  is  loaded  in  direction  m ;  this 
will  produce  bearing  of  b,  d,  e  and  f  in  the  direction  of 
crushing-stress.  The  equilibrium  of  forces  will  be  established 
in  the  same  manner  as  before.  The  supporting  frame  there- 
fore serves  but  one  purpose — to  absorb  and  transmit  the  ex- 
cessive inertia  of  the  mass  of  the  machine.  Bearings  ^and  e 
are  also  maintained  in  their  positions  by  diaphragms  i  and  k^ 
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although  in  a  manner  different  from  that  shown  in  the.  illus- 
tration, 

625.  In  Figs.  1-13,  PI.  18,  I  reproduce  working  drawings 
of  the  135-ton  machine  built  by  Wm.  Sellers  &  Co.  for 
the  Applied  Mechanics  Laboratory  of  the 
Mass.  Inst,  of  Technology,  kindly  sent  me  by  Prof. 
Gaetano  Lanza;  it  is  one  of  the  earliest  Emery  ma- 
chines built  by  that  firm.  Figs,  i  to  1 1  show  the  details  of 
the  load-indicator;  the  general  arrangement  in  Figs.  1-6,  and 
the  special  arrangement  of  hydraulic  chambers  in  Figs.  7-1 1. 
[The  principles  of  the  construction  of  hydraulic  chambers  have 

been  discussed  in  (jJ-^-J^J.)] 

The  straining-beams  i  and  2  in  Fig.  3  are  supported  on 
and  clamped  to  the  main  girders  3.  These  two  beams  are 
connected  to  each  other  by  the  main  spindles  4  by  means  of 
nuts  5  and  6,  and  enclose  the  pressure-chamber  or  support, 
Fig.  8.  The  nuts  6  carry  the  buffers  7  bolted  to  girders  3. 
Beams  i  and  2  support  by  diaphragms  8  the  column  9,  to  one 
end  of  which  the  holders  are  attached  at  10.  This  column  is 
star-shaped  (see  Fig.  432)  at  its  head  and  carries  the  second 
star-shaped  casting  11;  its  end  is  connected  to  the  straining- 
device  31-39. 

The  ring  5,  Figs.  3  and  7,  is  shouldered  and  fits  into  re- 
cesses in  I  and  2.  This  ring  5  supports  the  pressure-chambers 
by  means  of  a  flexible  ring  diaphragm  12, 13  attached  to  ring  14, 
which  latter  may  bear  against  the  ribs  of  9  or  beam  2  accord- 
ing to  the  adjustment  of  the  straining-device.  Ring  14  sup- 
ports the  flexible  rings  1 5  by  means  of  a  clamping-ring,  while 
16  carries  the  cover  17  of  the  annular  chamber.  This  chamber 
consists  of  two  thin  corrugated  brass  disks  soldered  at  their 
edges,  and  containing  liquid  between  them,  the  pressure  of 
which  is  transmitted  to  a  smaller  chamber  in  the  scale  (SSP)' 
The  edges  of  the  chamber  are  turned  over  and  fit  in  a  groove  in 
18,  Fig.  9,  being  secured  by  soft  solder  calked  and  jammed  into 
place  by  the  rings  19  and  20.    These  rings  at  the  same  time  limit 
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the  play  of  17  and  serve  as  abutments  for  the  flexible  rings 
15  and  16.  The  connection  of  the  tube  21  and  the  chamber 
is  the  plug  23,  soldered  to  chamber  22,  fitting  in  a  recess  in  18, 
and  the  screw-plug  21.  The  ring  18,  like  14,  has  a  bearing 
surface  on  its  back  which  bears  against  the  star-shaped  body 
4  under  tension-loads,  but  against  i  under  crushing-loads.  The 
ring  24,  in  the  machine  described,  consists  of  two  parts  having 
inclined  surfaces,  which  when  turned  by  the  double  spindles 
25  (having  right  and  left  threads)  will  force  ring  14  against  I 
and  2,  and  thus  fix  it.     Screw  26  is  a  limiting  stop. 

The  complete  chamber  fitted  in  the  ring  24,  called  the 
hydraulic  support,  can  be  completed  in  the  shop,  and  shipped 
as  a  whole  if,  by  use  of  bolts  and  tapped  holes  28  and  29  and 
separating-plugs,  the  separate  rings  are  rigidly  clamped  and 
braced.  Hence  the  complete  system  of  chambers  may  be  in- 
dependently  calibrated  on  a  separate  machine. 

626.  The  straining-device  (Figs,  i  and  2)  is  enclosed 
in  a  case  30  bolted  to  the  beam  I.    Springs  3 1  and  32  lie  between 

33  and  34,  bolted  to  3  by  35.  The  load  in  one  or  other  direc- 
tion is  applied  by  the  spindles  36  and  a  train  of  gears.  For 
tension-test  the  frame  33  is  moved  toward  34;  for  crushing-test 

34  is  moved  against  33.  The  motion  of  the  hand-wheel  neces- 
sary to  produce  the  desired  effect  is  limited  by  the  stops  37, 
Fig.  2.  The  application  of  this  device  is  exceedingly  simple. 
Plate-fulcra  are  also  used  to  support  this  straining-device. 

62  7  •  The  tube  21  conveys  the  liquid  pressure  produced  in 
the  annular  chamber  to  two  smaller  chambers  similarly  con- 
structed which  are  fitted  to  a  steel  block  40,  Figs.  12  and  13, 
and  bolted  thereto  by  the  plug  41.  The  chambers  are  formed 
by  the  recessed  plate  40  and  thin  steel  diaphragms  43.  packed 
on  a  lead  ring  and  secured  by  ring  44  and  bolts  passing 
through  40  from  below.  These  rings  also  serve  to  attach  the 
outer  edges  of  flexible  rings  45,  the  inner  edges  of  which  are 
attached  to  the  movable  cover  46,  thus  maintaining  it  in  a  con- 
centric position.      The  blocks  or  columns  47  then  transmit  the 
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pressure  to  a  beam  which  bears  against  the  main  lever  of  the 
scale.  The  block  40  is  placed  in  the  lower  right-hand  corner 
of  the  scale-frame  (Fig.  356). 

I  shall  not  give  a  detailed  description  of  the  scale  as  modi- 
fied by  Sellers,  because  I  do  not  consider  it  practical  any 
more  than  the  original  Emery  type,  at  least  not  in  con- 
nection with  testing-machines.  The  old  form  of  Emery  scale 
became  well  known  in  Germany  years  ago  through  Prof. 
Reuleaux's  reports;  I  could  not  obtain  drawings  of  the 
Sellers  type  of  scale.* 

I  shall  here  only  indicate  briefly  that  the  pressure  from  the 
two  chambers  43  is  transmitted  by  a  block  to  the  lever  system 
connected  throughout  by  plate-fulcra.  The  scale  is  composed 
of  several  levers  and  a  very  light  indicator-lever,  which  makes 
the  motion  of  levers  visible  on  a  largely  multiplied  scale. 
All  knife-edges  are  avoided,  plate-fulcra  (-/:p<?)  being  substituted 
therefor.  The  series  of  weights  are  arranged  in  parallel 
rows ;  each  series  being  composed  of  equal  weights  one  above 
the  other,  which  are  successively  deposited  by  hand-levers,  the 
position  of  levers  indicating  the  total  loads  applied. 

628.  The  essential  feature  of  Emery's  system  of  meas- 
uring force  is,  as  previously  explained  (jjp  and  L  162^  p.  1027), 
that  the  mobility  of  the  chamber-covers  is  called  into  play  to 
an  exceedingly  small  amount,  thus  reducing  to  a  minimum 
the  quantity  of  liquid  in  motion  during  adjustment  of  scale. 
Therefore  a  scale  of  very  large  lever-ratios  becomes  necessary 
if  great  accuracy  is  desired,f  and,  moreover,  the  total  quantity 
of  liquid  in  chambers  and  tubing  must  be  very  small,  in  order 


*  Unfortunately  my  efforts  to  obtain  drawings  from  the  firm  of  Wm  . 
Sellers  &  Go.  failed,  and  I  was  thus  compelled  to  limit  myself  to  the 
information  given  to  me  by  Prof.  Lanza.  For  this  reason  I  have  not 
described  and  illustrated  the  vertical  type  of  Emery  machine;  it  will  be 
found  in  (Z.  2ig), 

\  It  is  self-evident  that  otherwise  any  scale  might  be  used.  This  con- 
dition might  also  be  fulfilled  by  a  Bourdon  spring  by  limiting  the  play 
of  scale-beams,  etc.,  etc. 
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that  eflfect  of  temperature  due  to  changes  of  thermic  conditions 
of  the  masses  does  not  become  too  great.  If  the  scale  were 
simplified  and  conditions  previously  stated  were  met,  I  believe 
that  the  Emery-Sellers  machine  might  be  very  essentially 
improved  with  great  success,  because  it  possesses  a  very  im- 
portant advantage,  that  of  being  abletp  place  the 
1  oad  -  in  dica  tor    in     any    convenient     position 

(55^»  559  a). 

629.  The   hydraulic   press,    Figs,  14  to  18,  as  well 

as  the  "  support,"  is  also  held  on  the  girders  3,  but  by  clamps 
48.  The  press  14  contains  a  packed  piston  58,  and  works 
under  maximum  pressures  of  1560  lbs.  (no  at.).  Suitable 
mechanism  is  attached  to  the  cylinder  49  and  the  cylinder-head, 
by  which  the  position  on  the  straining-screws  may  be  varied  at 
will.  Without  going  into  details  it  may  be  stated  that  this  is 
done  by  hand-wheel  50  or  by  belt  on  51.  The  motion  is  trans- 
mitted by  the  gear  52  to  the  planet-wheels  53,  thence  to  two 
pairs  of  bevel-gears  by  a  shaft  passing  through  the  other 
shaft  to  the  gears  56  and  57.  The  gears  57  act  as  bearing- 
nuts  for  the  press,  and  revolve  on  the  straining-screws  4,  By 
gearing  the  planet  motion  these  nuts  will  be  adjusted  with 
equal  tightness  on  both  screws.  Most  of  the  movable  parts 
are  protected  by  covers.  There  is  about  4  in.  play  between  the 
nuts  57  and  their  bearing-surfaces  on  the  cylinder  49,  which 
permits  it  to  move  a  certain  distance  at  the  instant  of  rupture, 
thus  absorbing  its  recoil  by  the  friction  of  clamps  on  girders  3, 
which  can  be  adjusted  by  bolts  48.  The  feed-pipes  on  the 
cylinder  are  jointed,  thus  following  all  motions  of  the  cylinder 
readily. 

630*  Sellers  builds  a  very  good  power-pump  for 
operating  the  press,  illustrated  in  Fig.  335  {459),  the  delivery 
of  which  can  be  regulated  at  will  during  motion  by  raising  or 
lowering  a  box-link,  thus  changing  the  throw  of  the  three  plung- 
ers from  o  to  5  in.  The  pump  has  three-throw  cranks  at  120°, 
and  a  delivery  of  4  gals,   per  min.  at   no  revol.  (or  about 
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i  cu.  ft.).  This  pump  has  a  very  neat  appearance  and,  ac- 
cording to  repeated  demonstration,  works  admirably;  it  re- 
quires little  space,  and  may  be  particularly  recommended  when 
a  single  machine  is  to  be  operated. 

631.  The  Emery  holders  are  shown  in  Figs.  19-32. 
The  tension  holders  consist  of  a  steel  block  2,  containing  two 
cylinders  I  arranged  to  take  the  gripping-wedges,  and  sliding 
in  bored  holes  the  axes  of  which  are  inclined  to  each  other. 
The  whole  device  is  attached  to  the  straining-head  3  by  a  fine 
thread,  or  to  the  end  of  piston-rod  58,  Fig.  17.  The  grip 
holders  may  be  moved  forward  and  back  by  means  of  the 
screw  5,  the  nut  6  of  which  dovetails  into  cylinders  I,  thus 
opening  or  closing  the  jaws.  This  motion  is  produced  by 
spindle  7,  which  carries  a  worm-gearing  with  the  worm-wheel 
15  enclosed  by  10  and  11.  This  wheel  encloses  the  spindle 
but  partially  and  runs  free  for  about  J  revolution,  then  strik- 
ing a  projection  on  the  plate  14  bolted  to  the  spindle.  A 
spiral  spring  18  is  enclosed  between  14  and  15.  For  the  pur- 
pose of  gripping  the  test-piece  by  means  of  7,  15  and  14,  the 

» 

screw  is  set  up  hard  to  overcome  the  resistance  of  the  spiral 
spring,  causing  the  serrated  wedges  16  to  press  into  the  test-piece 
and  the  smooth  liners  17  to  fit  it  snugly  [in  the  United  States 
test-pieces  without  heads  are  much  more  frequently  used  than  in 
Germany,  and  hence  serrated  wedges  are  more  generally  used]. 
When  the  wedges  i  advance  during  test  the  pressure  on  screw 
5  is  gradually  released  and  spring  18  comes  into  play,  causing 
the  spindle  5  to  follow  the  wedges  i  ;  this  necessitates  the  ^ 
revolution  of  free  motion.  The  screw  5  has  a  double  thread  of 
li  in.  rise.  Pieces  i,  17  and  19  are  made  of  tool-steel.  19  to 
21  serve  to  secure  liners  for  material  of  different  thickness; 
liners  for  rounds  and  flats  are  provided.  Special  liners  are  used 
for  shouldered  test-pieces.  The  holder  carried  by  the  piston- 
rod  must  be  supported  when  the  latter  protrudes  considerably 
from  the  cylinder ;  the  beam  22  shown  in  Figs.  34  and  35 
serves  this  purpose. 
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632.  Holders  when  fitted  with  sliding  gripping-wedges, 
even  when  as  well  designed  and  built  as  the  Sellers- 
Emery,  are  not  suitable  for  use  of  instruments  of  precision 
(mirror  apparatus),  which,  as  well  as  nearly  all  really  reliable 
apparatus,  are  sensitive  to  shock,  and  whose  construction 
demands  approximate  fixedness  in  space  (as  of  mirrors).  Even 
with  this  device  it  is  not  possible  to  grip  the  test-piece  so 
rigidly  initially  that  the  wedges  will  not  slip  later  on.  In  fact 
it  may  be  said  that  the  application  of  sufficient  force  to  avoid 
this  is  contrary  to  Emery's  principle  of  construction  ;  for  he 
screws  his  holders  firmly  to  the  machine  detail,  and  permits  the 
motion  necessary  to  cause  the  wedges  to  grip  the  test-piece  by 
overcoming  the  piston-friction.  I  have  frequently  noticed 
that  particular  attention  was  paid  during  test  to  see  that  the 
wedges  held  the  test-piece  firmly,  a  proof  that  this  is  not  always 
the  case  ;  in  fact  I  observed  personally  that  the  wedges  slipped 
considerably  in  the  jaws. 

I  have  become  convinced  in  general,  from  many  experiences 
with  other  simpler  although  less  perfect  gripping-devices,  that  it 
is  better,  when  using  gripping-wedges,  to  design  them  in  such 
manner  that  the  necessary  pressure  to  firmly  hold  test-pieces 
may  be  applied  initially,  and  to  entirely  avoid  automatic 
wedging.* 

633.  The  holders  or  platens  for  crushing- 
tests  are  shown  in  Figs.  3 1  and  32.  They  are  screwed  on  to  the 
machine  like  the  tension  holders,  and  the  platen  23  may  be 
adjusted  on  a  spherical  bearing  by  the  studs  24. 

When  comparing  this  design  with  many  used  in  Germany,  I 
consider  this  one  imperfect.  Our  devices  generally  use  the 
concave  spherical  bearing,  with  the  centre  above  instead  of 
below  the  platen,  or  toward  the  test-piece,  while  it  is  the 
reverse  in  the  Emery-Sellers  holders.     Our  holders  have 

*  Emery  applied  this  principle  in  his  150-ton  machines  which  were 
built  for  the  Cambria  Iron  Co.  and  the  Bethlehem  Iron  Co.,  but  not  in 
smaller  machines. — G.  C.  Hg. 
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the  advantage  that  the  platen  may  be  left  free  during  thrust- 
test,  and  permit  tests  with  movable  bearings  to  at  least  a 
certain  degree.  If  the  centre  of  sphere  be  laid  within  the 
abutment  taking  the  pressure  of  the  test-piece,  this  point  will 
not  shift  even  if  the  device  be  adjusted  obliquely;  it  is  also 
certain  that  the  concentric  rings  on  the  platen  always  indicate 
the  axis  of  pressure  of  the  machine,  if  it  had  been  set  correctly 
originally,  for  which  means  may  be  readily  supplied.  In  the 
Emery  device  the  centring  lines  are  shifted  with  each 
adjustment,  and  only  when  the  ends  are  parallel,  which  is  of 
course  their  usual  condition,  will  they  be  in  correct  position. 
Our  construction  generally  causes  more  loss  of  free  space  be- 
tween platens  in  crushing-test. 

634.  Figs.  433  show  the  later,  somewhat  modified  form 
of  the  Sellers  design  of  pressure-support,  as  em- 
bodied in  the  machine  exhibited  at  the  World's  Fair  in  Chicago 
in  1893.  The  weighing-head  (Fig.  433^)  consists  of  two  circular 
or  annular  beams,  65  and  69,  firmly  secured  together  by  bolts 
placed  around  their  periphery  and  by  the  straining-screws 
which  pass  through  both  beams  and  clamp  them  by  a  shoulder 
and  nut.  This  head  and  the  straining-head  fit  easily  upon  the 
bed  which  maintains  the  axes  of  the  two  heads  in  the  same 
straight  line.  A  draw-bar,  70,  is  secured  in  the  axis  of  these 
beams  by  two  thin  annular  steel  plates,  72  ;  these  plates  hold 
the  draw-bar  securely  in  line  with  the  axis  of  the  machine, 
while  permitting  a  free  motion  to  a  limited  extent  in  the 
direction  of  the  axis.  The  projecting  end  of  the  draw-bar  is 
provided  with  a  screw-thread  by  which  the  compression 
platform  or  the  tension  holder  is  secured  to  it.  The  draw-bar 
is  enlarged  in  the  middle,  and  against  each  of  the  two  shoulders 
thus  formed  is  secured  a  thin  annular  steel  plate,  73  ;  these 
plates  are  for  the  purpose  of  carrying  and  centring  the 
hydraulic  support,  which  is  made  annular,  instead  of  circular, 
as  shown  in  Fig.  400.  The  hydraulic  support  is  maintained  in 
fixed  relation  with  the  draw-bar  laterally,  while  it  is  left  free  to 
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move  relatively  to  it  in  the  direction  of  its  axis  through  the 
small  distance  required.  On  each  side  of  the  hydraulic 
support  steel  collars,  71,  are  screwed  and  secured  to  the  draw- 
bar ;  these  collars  are  provided  on  the  periphery  with  a  series  of 
ribs  (Fig.  433^)  parallel  with  the  axis  of  the  draw-bar,  and  which 
lie  between,  without  touching,  similar  ribs  projecting  from  the 
interior  surface  of  the  annular  beams.  The  ends  of  all  these 
ribs  on  the  two  beams  and  the  collars  are  accurately  faced  to 
true  planes  at  right  angles  to  the  axis  of  the  draw-bar,  and  the 
distance  between  the  two  extreme  faces  of  the  hydraulic 
support  is  made  slightly  less  than  the  distance  between  those 
two  planes.  Movement  of  the  draw-bar  in  either  direction 
•carries  the  hydraulic  support  against  the  ends  of  the  ribs  in  one 
annular  beam,  brings  the  ends  of  the  ribs  on  one  of  the  collars 
•on  the  bar  against  the  opposite  side  of  the  hydraulic  support, 
and  produces  pressure  on  the  contained  liquid  which  is  trans- 
mitted through  the  pipe  63  to  the  small  hydraulic  chamber  in 
the  scale. 

In  order  to  prevent  the  shock  of  recoil,  resulting  from  the 
rupture  of  a  large  specimen  of  high  steel,  from  doing  injury  to 
the  thin  brass  plates  in  the  hydraulic  support,  the  abutting 
piece  64  of  the  support  which  rests  against  the  ribs  in  the 
annular  beam  65  when  strains  of  tension  are  applied  is  made 
larger  in  diameter  than  the  hydraulic  support  proper,  and  is 
provided  with  a  spiral  or  screw  face,  66,  which  engages  with  a 
<:orresponding  screw-face  formed  on  a  rotatable  ring,  67,  fitting 
in  the  other  annular  beam,  69.  After  the  initial  load  has  been 
applied,  this  ring  is  rotated  by  the  pinion-shaft  68  to  bring 
the  screw-faces  in  contact,  see  Fig.  433^,  and  the  abutting  piece 
64  is  thus  clamped  firmly  to  the  annular  beam  against  which 
it  rests.  When  the  specimen  breaks,  its  first  blow  is  delivered 
through  the  draw-bar  and  ribbed  collar  to  this  abutting  piece 
64  which  transmits  it  through  the  ring  67  to  the  rear  annular 
beam  69  and  as  these  beams,  65  and  69,  are  rigidly  united, 
the  blow  is  absorbed  by  the  total  mass  of  these  two  beams. 
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The  hydraulic  support  is  thus  thorougiily  protected,  and  these 
machines  can  be  used  regularly  for  breaking  high-steel  speci- 
mens up  to  the  full  capacity  of  the  machine  without  any  risk  of 
injury. 

The  weighing-head  is  returned  to  its  place  on  the  bed  after 
movement  due  to  recoil  by  a  set  of  spiral  springs  locked  up  in 
boxes  secured  to  the  bed  ;  these  springs  are  strong  enough  to- 
move  the  head,  and  their  resistance  diminishes  greatly  th^ 
movement  due  to  recoil,  while  the  friction  of  the  head  upon 
the  bed  rapidly  wipes  out  the  oscillations.  The  annular  beams 
bolted  together,  as  described,  constitute  one  built-up  beam  to 
rest  the  bending  due  to  the  pressure  on  the  draw-bar  midway 
between  the  straining-screws.  The  hydraulic  support  is  thus 
enclosed  in  a  rigid  mass  of  cast-iron  and  effectually  protected 
against  injury  from  violence  or  from  being  gummed  up  by  oil 
from  the  straining-cylinder,  as  has  occurred  with  the  upright 
machines,  and  the  frictionless  movement  of  this  support  under 
all  conditions  of  service  is  thus  insured. 

635.  The  constructions  described  in  {62^-634)  ^''^  admit- 
tedly masterpieces  of  engineering;  they  have  found  their 
champions  in  Germany,  as  also  in  other  countries ;  but  it  is 
possible  that  the  unbounded  praise  was  one-sided,  and  there- 
fore I  consider  it  my  duty  not  to  be  satisfied  with  a  mere 
description,  but  to  express  my  doubts  about  and  objections  to 
the  Emery  machine,  because  experience  has  taught  that 
there  is  nothing  entirely  perfect,  and  a  recognition  of  defects- 
will  most  surely  lead  to  improvement. 

Biehle  Bros.  Testing  Machine  Co.,  Philadelphia,  Pa. 

(PI.  19.)    Z  5/,  i88i,  p.  147.) 

636.  In  General.  This  firm  constructs  ai  unusual 
variety  of  testing-machines  of  all  sizes  and  for  the  most  varied 
purposes.  Their  machines  are  largely  distributed  throughout 
the  United  States,  and  beyond  their  boundaries.  A  detailed 
description  of  the  many  types  cannot  be  here  given,  because  the 
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essentials  have  been  presented  in  previous  paragraphs,  and 
because  I  shall  later  on  again  refer  to  specialties  relating  to 
devices  for  measuring  deformation.  I  shall  therefore  take  up 
only  special  points  to  'complete  previous  descriptions. 

637*  The  machines  illustrated  on  Plate  19,  Figs.  1-5^  arc 
as   a   whole   based   on   the   scheme   shown   in   Fig.  366  and 

described  in  {^26—^28),  A  study  of  these  illustrations  and  of 
the  operation  of  the  machines  themselves  cannot  remove  the 
impression  of  fundamentally  unnecessarily  complicated  con- 
struction. It  is  not  an  easy  matter,  especially  in  those 
machines  in  which  the  poise  is  operated  automatically  by 
electrical  devices,  for  the  observer  to  become  familiar  with  all 
the  necessary  manipulations  and  matters  requiring  constant 
attention.  What  is  here  stated  applies  equally  to  the  simi- 
larly constructed  machine  of  O  1  s  e  n ,  PI.  20,  and  to  all  equally 
complicated  structures ;  I  emphasize  this  subject  at  this  time 
only  to  encourage,  to  the  best  of  my  ability,  simplification  in 
construction  and  operation  of  testing-machines. 

638.  The  large  Rich  16  machines  have  special  devices 
for  making  tests  of  all  kinds,  such  as  tension,  crushing,  thrust, 
transverse,  shearing,  punching  tests,  etc.  Fig.  6  illustrates  a 
torsion-test-machine,  and  explains  itself;  the  numerous  small 
machines  hardly  need  further  explanation  than  given  by 
PL  19. 

639.  I  wish  to  mention  that  the  firm  states  that  two  of  its 
machines  were  tested  by  direct  loads  of  50,000  and  100,000  lbs. 
at  Sibley  College,  Cornell  University,  and  errors 
of  but  -^  jf,  and  practically  constant,  were  found. 

Tlnius  Olsen  &  Co.,  Philadelphia,  Pa. 

(PL  20.)  (L  102;  IIS,  5'y   1879,  p.  36,  and  1883,  p.  39.  ^^,  1896,  p.  91.) 

640.  In  General.  Olsen&Co.,  the  same  as  R  i  e  h  1 6 
Bros.,  also  build  a  respectable  number  of  machines  for  all 
kinds  of  tests.     In  arrangement  and  external  appearance  the 
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machines  of  both  firms  are  generally  very  similar ;  in  details 
they  dififer  somewhat.  O  1  s  e  n  *  s  machines  are  also  distributed 
far  beyond  the  boundaries  of  the  United  States ;  they,  with 
the  Riehld  machines,  are  the  really  comniercial  machines  in  the 
United  States ;  I  found  machines  of  both  firms  in  nearly  all 
works  and  shops  which  I  visited.  I  shall  not  describe  these 
machines  in  detail  here,  because  the  scheme  of  the  separate 
arrangements  is  given  in  Fig.  365,  and  other  details  have  been 
discussed  in  {52S) ;  the  recording-devices  will  be  discussed 
later  on. 

These  machines  are  also  provided  with  means  for  making 
tension,  crushing,  thrust,  transverse,  punching  and  shearing 
tests.  Machines  for  making  torsion-tests  are  shown  in  Figs.  31 
and  32.  The  device  Fig.  32  is  used  in  machine  shown  by  Fig. 
16.  In  it  the  torsional  moment  is  generated  by  a  worm  H  and 
measured  by  the  scale  by  transmission  from  test-piece  and  the 
rod  G,  Fig.  31  illustrates  a  special  machine  for  torsion-tests 
for  large  pieces,  in  which  finished  shafts  may  be  tested. 

640a.  The  Thurston  Torsion -machine,  fully  de- 
scribed in  Thurston^s  **  Materials  of  Engineering,"  Part  2,  is 
a  pendulum-scale  in  which  a  very  short  test-piece,  2  in.  between 
shoulders,  is  placed  in  the  axis  of  revolution  of  the  pendulum, 
loads  being  indicated  by  the  angularity  of  the  pendulum  It 
is  applicable  for  torsion-test  alone. — G.  C.  Hg. 

641.  Fig.  33  is  an  impact-machine  designed  by  W.  J. 
Keep,  slightly  modified  by  C  h  a  s.  H.  H  e  i  s  1  e  r  {L  42 , 
1890,  p.  91)  for  tests  of  cast  iron  under  impact.  The  pen- 
dulum strikes  a  pin  which  acts  at  the  centre  of  a  bar  supported 
at  two  points  of  the  cast  test-piece.  The  latter  is  subjected  to 
an  impact  bending-test. 

642.  A  50,000-lb.  Olsen  machine  was  calibrated  by 
Gus.  C.  Henning  by  direct  loads  up  to  21,000  lbs.  The 
degree  of  sensitiveness  was  determined  at  the  same  time  by 
adding  and  removing  small  weights,  so  that  the  balanced  lever 
moved  up  or  down  J  in.  under  this  change  of  load.     The  re- 
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suits  of  this  investigation  are  plotted  in  Fig.  434.  The  heavy 
full  line  of  averages  shows  that  the  degree  of  accuracy  dimin- 
ishes with  increasing  loads,  for  the  generally  positive  error  of 
equilibrium  (full  line)  grows  in  proportion  to  the  heavy  broken 
line  from  about  o.i^  to  0.45^  for  30,000  lbs,  load.  The  degree 
of  sensitiveness  (f  vibration)  is  uniformly  about  o.ooojP 
<load). 

643.  The  data  given  in  {488, 506,  jop,  512,  529^  534,  54.3, 
346,  556,  6o3y  63P  and  642),  relating  to  calibration-machines, 
show  that  testing-machines  used  in  routine  work  may  possess 
an  aceoracy  of  1^,  which  has  been  considered  sufficient,  but  that 
reqnirements  should  not  be  made  mnoh  higher  than  this. 


V.  rieasuring-Apparatus* 

Introduction. 

644.  Measurements  made  in  testing  materials  usually 
consist  in  determination  of  original  shape,  of 
deformations  occurring  during  test,  and  of 
final  shape  after  test.  Measuring-apparatus 
employed  for  determining  original  and  final 
shape  of  test-pieces  do  not  as  a  rule  differ  from 
those  ordinarily  used  in  machine  construction  or  for  other 
purposes.  I  shall  therefore  merely  enumerate  them.  The 
apparatus  necessary  for  measurements  of 
deformation  during  test  require,  however,  close 
study,  in  so  far  as  the  underlying  principles  and  the  theory  of 
the  instruments  have  not  been  discussed  in  previous  para- 
graphs. 

A.   Measuring  and    Measuring-Apparatus. 

a.  Measuring. 

645.  Measuring  consists  in  comparing  the  unknown  with 
the  known  ;  in  measuring  lengths  the  unknown  lengths  are  to 
be  compared  with  known  lengths,  scales,  either  directly  or 
indirectly.  Direct  comparison  is  generally  made  by 
placing  a  scale  directly  on  the  body  to  be  compared.  Indi- 
rect comparisons  are  made  by  use  of  auxiliary  apparatus,  to 
which  the  length  to  be  measured  is  first  communicated,  and 
then  determined  on    the   scale.     Measuring   is   an   art  which 
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must  be  acquired,  and  which  requires  very  strict  atten- 
tion, as  well  as  reliability  of  observer  and  of  instruments,  if 
perfect  results  are  demanded. 

646.  No  measurement  can  be  made  with  ab- 
solute accuracy;  every  measurement  contains  errors,  the 
source  (cause)  of  which  may  lie  in  the  observer,  as  well  as  in 
the  apparatus  used,  and  in  the  method  of  using  the  latter,  and 
finally  in  external  circumstances,  under  which  it  must  be  used 
at  different  times.  Certain  classes  of  sources  of  errors,  depend- 
ing upon  methods  employed,  are  distinguished  : 

a.  Errors  of  observer,  personal  equation;  experience, 
skill,  sight,  touch,  temperament,  etc.,  play  a  part. 

6,  Errors  of  instrument;  inaccuracy  of  scales,  in- 
accuracy of  divisions,  width  of  lines,  inaccuracy  of  motions, 
«tc.,  produce  an  effect. 

c.  Error  of  method;  the  kind  and  manner  of  making 
a  measurement,  or  how  an  apparatus  is  used,  the  arrangement 
of  the  measurement,  etc.,  may  lead  to  errors  of  varying  magni- 
tudes. 

d.  Errors  of  external  origin;  thermal,  hygro- 
scopic changes,  etc.,  may  change  the  scale  or  the  body  to  be 
measured  :  the  kind  of  illumination,  convenient  or  inconvenient 
position  of  scale,  etc.,  may  be  causes  of  errors. 

Sources  of  errors  of  the  above  classes  are  generally  coinci- 
dent. 

647.  Sources  of  errors  are  furthermore  divided  especially 
into  those  which  regularly  produce  an  effect  of  acer- 
tain  kind  on  results  of  measurements,  hence 
shift  the  result  of  measurement  either  positively  or  negatively 
from  the  true  value  of  the  length  measured  ;  errors  of  this  kind 
are  called  comprehensively  methodic  errors,  to  distin- 
guish them  from  those  which  are  principally  due  to  unknown 
causes,  to  accident,  and  affect  the  result  uniformly  in  a 
positive  and  negative  manner.  These  errors  are  collectively 
designated  as  accidental  errors. 
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The  problem  and  art  of  the  observer  consist  in  making  the 
errors  as  nearly  harmless  as  possible,  and  the  result  as  nearly 
free  from  methodic  errors,  and  reducing  accidental  errors  to  a 
minimum,  or  determining  their  values. 

The  first  rule  of  the  art  of  measuring  is  to  avoid  me- 
thodic errors, or  to  determine  them  mathemat- 
ically and  to  correct  them.  The  observer  must  know 
the  sources  of  errors  and  the  laws  governing  them,  or  deter- 
mine them  experimentally.  The  use  of  different  methods  for 
determining  equal  dimensions  or  the  change  in  arrangement  of 
measurements  may  eliminate  methodic  errors. 

Accidental  errors  of  a  series  of  measurements  are  as- 
a  whole  subject  to  definite  mathematical  laws,  which  have  been 
very  fully  developed  in  numerous  works  on  "averages,"  on 
"  theory  of  probabilities,'*  and  in  handbooks  on  physics  (L  10 j^ 
104). 

As  mostly  simple  repeated  observations  of  the  same  values 
(measurements  and  weighings)  are  made  in  tests  of  materials,. 
I  shall  briefly  enumerate  the  simple  conceptions,  but  refer  to 
special  literature  for  the  remainder. 

648.  Accidental  errors  are  such  which  individually 
show  no  underlying  principle,  but  which  are  produced  solely 
by  accident.  Among  a  great  number  of  observations  of  the 
same  magnitude  there  will  be  as  many  positive  as  negative  er- 
rors of  equal  value,  and  the  smaller  errors  will  be  more  numer- 
ous than  the  larger. 

If  the  same  dimension  has  been  observed  by  oft-repeated 
measurements,  the  mean  of  all  values  will  approximate  the 
true  value  most  closely  ;the  mean  of  all  observations 
is  in  this  case  the  most  probable  value  of  the 
dimension  measured.  The  small  errors  will  balance 
each  other*;  the  coarse  errors  occur  isolated,  and,  as  far  as  they 
do  not  counterbalance,  their  effect  is  diminished  by  finding  an 
average.  The  difference  between  the  value  found  and  the 
mean  is  determined  for  each  observation,  and  this  is  called  the 
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error  of  individual  readings.  If  these  errors  depend 
solely  upon  accident,  they  must  evidently  be 
large  and  small,  positive  and  negative,  and 
without  regular  sequence.  Hence  the  irregular  ap- 
pearance of  opposite  signs,  and  lack  of  grouping  or  regular  ar- 
rangement of  errors,  is  an  indication  of  reliability  of  observa- 
tion. Furthermore  errors  of  equal  value  (especially  the  small 
ones)  should  be  as  frequently  negative  as  positive.  The  as- 
sumed method  of  determination  of  error  presupposes  that  the 
sum  of  positive  and  negative  values  be  equal  to  o.  I  f  t  h  e 
number  of  individual  readings,  i.e.  of  errors, 
be  great,  the  frequency  of  positive  and  nega- 
tive values  must  show  a  definite  law.  If  the 
errors  of  an  extended  series  be  arranged  according  to  equal 
values  and  same  sign,  a  correct  series  must  give  the  diagram 
shown  in  Fig.  435.  The  curve  has  a  maximum  for  small  er- 
rors, and  is  symmetrical  toward  both  ends.  The  hatched  sur- 
face shows  the  sum  of  all  negative  errors  of  an  extended  series 
of  observations.  That  ordinate  which  bisects  the  diagram  cuts 
off  the  error  —  r;  the  same  is  true  of  the  positive  end  of  the 
diagram.  The  probability  of  an  error  being  smaller  than  ±  r 
is  just  as  great  as  that  of  its  being  greater  than  ±  ^-  The 
value  ±r  is  a  characteristic  standard  of  qual- 
ity of  measurements;  it  is  called  the  probable 
error  of  observation. 

If  m  be  the  (great)  number  of  observations  (errors), 
then  the  number  of  errors  less  than  ±  r,  according  to  the 
foregoing,  will  be  w  X  0.500,  and,  according  to  a  well-known 
law  applying  to  frequency  of  accidental  errors,  the  number  of 
errors  of  a  certain  value  is : 

±  (o  to  ir)  =  w  X  0.520 
±  (o  to  2r)  =  m  X  0.823 
±  (o  to  ir)  =  m  X  0.957 
±  (o  to  4r)  =  m  X  O.993 
±  (o  to  $r)  =  m  X  0.999 
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Hence  it  is  to  be  expected  that  an  error  greater  than  ^r 
will  occur  but  once  in  1000  errors.  I  have  inserted  the  previ- 
ous values  in  one  half  of  the  diagram,  Fig.  435.  The  fore- 
going will  readily  show  the  importance  of  the  probable  error 
for  judging  the  accuracy  of  observations. 

649.  Without  entering  upon  the  subject  at  greater  length, 
I  wish  briefly  to  explain  that  the  probable  error  of  an 
observation,  as  well  as  the  probable  error  of  the 
average  value  of  series  of  observations,  is  determined 
from  the  series  of  differences  of  m  observations  A,  A\  A^\ 

jd  =  A  ^  m.  A'  •=^  A'  —  m^  A"  -=.  A'^  —  nty,..,  etc.,  and 
adding  the  squares.  From  2 J*  the  probable  error  of  a 
single  observation  is  then  obtained  from : 


r  =  ±  0.67449  V  — ^ 


m  —  I 

[for  calculation  :  log  0.67449  =  a8289755  —  i]  ; 

and   the  probable  error   of  the   average    of  the 
series  of  readings: 


r^  =  ±  0.67449  y  —r-^ r. 

m  {m  —  i) 

It  will  be  seen  that  it  is  possible  to  reduce  the  absolute 
magnitude  of  values  r  and  r^  by  increasing  the  number  of 
readings  of  equal  accuracy,  but  it  is  to  be  preferred,  and 
generally  is  more  economical,  to  make  the  value  A'*  as  small  as 
possible  by  the  application  of  greatest  possible  care. 

The  further  use  of  the  theory  of  averages  and  of  probability 
of  errors  is  explained  in  the  works  quoted  {L  loj^  10^^  ^5^)- 
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b.  Scales. 

650.  The  scales  used  for  measuring  length  are  either 
ruled  or  end  scales  (gauges).  Ruled  scales  are  marked 
on  their  surfaces  by  dividing  lines,  and  subdivisions  of  the  unit 
of  measurement  permit  direct  reading  of  lengths.  End  scales, 
rgaugesy  always  represent  but  one  definite  length,  given  by  the 
distance  between  the  terminal  surfaces.  The  method  of 
measurement  varies  according  to  the  type  of  scale  used,  and 
we  may  distiitguish  between  line  measurements  and 
end  measurements.  Line  measurements  may  be 
made  by  direct  adjustment  of  the  scale  to  the  piece  to  be 
measured.     Scales  intended  for  this  method  are  called  rules. 

Very  frequently  it  is,  however,  impossible  to  adjust  the 
scale  properly,  and  then  auxiliary  apparatus  is  used  to  com- 
pare the  length  to  be  measured  with  the  scale,  as  the  dividers, 
gauges,  verniers,  microscopes,  telescopes,  etc.,  which  are 
shifted  on  scales  until  coincidence  of  lines  is  reached.  In  end 
measurements  it  is  almost  always  necessary  to  use  such  auxil- 
iaries and  then  transfer  them  to  line  measurements  if  it  is  de- 
:sired  to  determine  the  difference  between  such  length  and  the 
^nd  gauge.  As  a  rule,  however,  end  scales  are  used  for 
production  of  like  bodies  ;end  measurements  are,  how- 
-ever,  very  frequently  made  by  use  of  tram -gauges,  contact- 
levers,  sliding-gauges,  micrometers  and  other  devices. 

I  cannot  present  a  complete  exposition  of  methods  of 
measurements,  but  must  limit  myself  to  those  points  which  I 
consider  important  in  testing  materials,  and  wish  to  present 
•certain  points  of  view  for  practical  measurements,  without  ad- 
hering to  a  definite  order. 

651.  The  accuracy  of  measurements  made 
with  a  ruled  scale,  or  of  divisions  in  general,  depends 
upon  the  accuracy  of  the  scale  and  its  divisions  (its  external 
and  internal  errors),  and  also  upon  the  magnitude  of 
the  divisions.      Tenths  of  division  are  estimated  most 
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correctly,  according  to  experience,  when  the  divisions  are  from 
0.03  to  0.05  in.  (0.8  to  1.3  mm)  in  width;  finer  and  coarser 
divisions  produce  greater  errors  of  estimation.  The  thick- 
nessof  lines,  their  sharpness,  the  condition 
and  color  of  surface  divided,  and  the  color  of 
the  lines,  affect  the  error  of  estimation.  The 
thickness  of  line  should  be  properly  proportioned  to  the  width 
of  space,  to  avoid  involuntary  differences  in  the  estimated 
tenths  near  the  lines  and  at  the  centre  of  spaces.  The  edges 
must  be  sharp  and  smooth,  especially  on  scales  which  are  to 
be  read  by  microscopes. 

In  case  of  a  rule  the  character  of  its  body  is  of  importance. 
A  scale  having  a  sharp  bevelled  edge,  like  a  paper-cutter,  ad- 
mits much  better  adjustment  to  surfaces  which  carry  the 
limiting  marks  of  the  length  to  be  measured  than  a  scale  of 
rectangular  section  and  thick  edge.  In  most  cases  where 
a  scale  is  used  the  divisions  cannot  be  made  to  touch  the 
limiting  line  directly,  but  the  coincidence  must  almost  in- 
variably be  adjusted  by  eyesight.  The  line  of  sight 
passing  through  gaug e-m  ark  on  test-piece 
and  division  of  scale  must  always  be  normal  ta 
the  latter;  if  this  is  not  the  case,  the  error  of  parallax 
will  exist.  When  points  do  not  lie  in  a  plane,  there  will  be 
apparent  shifting  (parallax)  if  the  eye  move  with  relation  to 
their  connecting  line  ;  the  readings  will  differ  when  the  line  of 
sight  is  along  ab  and  ajb  (Fig.  436) ;  the  error  of  parallax  de- 
pends upon  the  angle  betwen  line  of  sight  and  axis  of  scale, 
and  upon  the  distance  b  from  the  marks  on  the  scale.* 

If  it  is  desirable  to  measure  accurately,  another  methodic 
error  must  be  minimized,  which  occurs  particularly  with  the 


*  My  method  of  using  a  scale,  which  should  be  of  polished  steel  or 
other  metal,  is  to  place  the  scale  parallel  to  the  axis  of  the  test-piece  and 
at  any  convenient  distance,  and  in  such  manner  that  the  image  of  the 
gauge-marks  can  be  plainly  seen  in  the  scale.  By  matching  the  reflected 
gauge-marks  with  the  scale  divisions  very  accurate  readings  can  be  easily 
made. — G.  C.  Hg. 
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use  of  finely  divided  scales,  that  of  adjusting  the  end  line  of 
the  scale  to  an  end  mark  on  the  object.  The  eye  judges  dif- 
ferently of  the  coincidence  of  end  mark  and  that  of  any  in- 
termediate dividing  line.  The  measurement  is^already  affected 
by  attempting  to  produce  coincidence  of  a  given  scale  di- 
vision with  one  gauge-mark  and  reading  the  position  of  the 
other  on  the  scale ;  it  is  much  more  correct  to  place  the  scale 
arbitrarily  on  the  object  and  then  to  read  ofif  each  mark  inde- 
pendently wherever  it  falls  on  the  scale  and  then  find  the 
actual  length  by  difference  between  the  two  readings. 

The  perfection  of  illumination,  convenience  of  position  of 
object  and  of  scale  with  respect  to  the  position  of  the  ob- 
server, the  circumstance  whether  the  latter  can  take  readings 
leisurely,  sitting  or  standing,  have  a  far  greater  effect  than  is 
generally  assumed.  All  of  these  matters  can  easily  be  cor- 
roborated by  the  ordinary  methods  and  use  of  scales  com- 
monly applied  in  machine  construction.  In  order  to  accustom 
students  to  reliable  work,  and  to  impress  them  with  the  above 
sources  of  errors,  they  are  drilled  in  measuring  the  distance  be- 
tween lines  on  metal  plates,  each  group  working  under  differ- 
ent conditions,  using  different  scales.  Each  of  a  group  of  lo 
observers  makes  lo  measurements,  the  averages  are  found,  and 
their  probable  errors  determined  to  eliminate  personal  equa- 
tion and  to  make  the  awkwardness  of  individual  observers 
harmless.     Such  a  group  of  measurements  is  given  in  Table  44. 

652.  Tools  for  end  measurements  are  largely  used  in  con- 
struction in  the  shape  of  calipers;  they  are  scarcely  ever 
used  in  testing  materials  at  present.  The  use  of  sliding 
and  sc  re  w-cali  per  s  in  construction  is  a  transition  to  line 
measurements;  both  are  largely  used  in  testing  materials. 
Sliding  calipers  usually  permit  readings  as  fine  as  o.ooi  in.  by 
means  of  a  vernier  (or  o.i  mm),  and  estimations  to  o.cxx)5  in. 
(or  0.05  mm  by  metric  gauges).  But  ordinary  trade  instru- 
ments are  rarely  sufficiently  accurate  to  insure  reliability 
of  readings.     He   who   wishes    to    use    such    instru- 
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ments  for  accurate  measurements  will  do 
well  to  obtain  them  from  reputable  manufacturers,  and  then 
to  calibrate  them,  or  to  have  them  calibrated  by- 
proper  authorities  (scientific  institutions,  or  govern- 
mental offices  charged  with  calibration  of  weights  and 
measures),  and  certified. 

Table  4  4.    Probable  Error  of  Measarements  of  Length  between 

Lines  by  Scales  of  Different  DiTlsions. 

All  values  refer  to  30  readings. 


Value 

Probable  Error 

of  divi- 
sions in 
mm. 

of  Observation 

of  Average  Value 

Kind  of  Scale. 

in  Spaces. 

in  mm. 

in  Divisions 

in  mm. 

3 

3 

0.0038 
0.0080 

0.OII4 
0.0240 

0.0007 
0.0015 

0.0021 
0.0045 

Bevelled  edge,  brass, 
do.              do. 

I 

0.0199 

0.0199 

0.0036 

0.0036 

Ordinary  mm  scale,  15  mm 
thick. 

I 
I 

0.5 
0.5 

0.0038 
0.0057 
0.0230 
0.0144 

0.0038 
0.0057 
O.OII5 
0.0072 

0.0007 
O.OOIO 
0.0048 
0.0026 

0.0007 
O.OOIO 
0.0096 
0.0013 

Bevelled  edge,  wood  scale, 
do.                  do. 
do.          ivory  scale, 
do.                  do. 

The  various  forms  of  calipers,  verniers  and  screw-gauges 
may  be  assumed  to  be  well  known,  and  require  no  description 
if  it  is  added  that  the  remarks  in  previous  paragraphs  apply 
to  them,  and  that  micrometers  are  specially  discussed  in 
{6sj-6^g).  In  reference  to  verniers  it  may  be  remarked  that 
it  is  desirable  to  provide  them  with  divisions  additional  to  the 
necessary  9  of  the  scale.  This  permits  ready  examination 
of  the  accuracy  of  the  divisions  of  the  scale,  by  taking  repeated 
series  of  readings  of  all  scale-divisions  by  the  vernier  and  then 
finding  the  probable  errors. 
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C.  Micrometer-Screws. 

653.  In  addition  to  screw-gauges,  micrometer- 
screws  are  largely  used  in  testing  materials  for  all  kinds  of 
precise  measurements.  The  following  descriptions  of 
instruments  used  for  measuring  deformations  during  test  will 
show  how  the  preference  for  micrometer-screws  prevails  in  some 
countries.*  It  seems  therefore  necessary  to  explain  their 
properties  somewhat  more  in  detail,  although  it  is  impossible 
to  treat  this  extensive  subject  exhaustively. 

I  have  briefly  stated  the  objections  to  use  of  micrometers 
in  tesiing  materials  in  (So).  A  micrometer  is  an  ad- 
mirable  and  practical  auxiliary  if  it  be  used 
for  the  determination  of  very  short  lengths 
only  (measurements  between  scale-divisions,  shifting  of 
cross-hairs),  but  it  becomes  inconvenient  and  impracticable 
if  great  lengths  are  to  be  measured  which  require  many  revo- 
lutions. 

654.  The   errors  of   micrometers   may  be   classified   as 
follows : 

a)  Errors  of  the  screw ; 
6)  Errors  of  motion  (error  of  instrument). 
Errors  of  screw  may  be  again  subdivided  into : 

i).  Variation  of   shape  of  screw   from    that  of  a  true 
cylinder; 

2)  Progressive  errors ; 

3)  Periodic  errors. 

Inaccuracies  of  bearings  are  of  a  manifold  nature  ;  they  may 
even  produce  periodic  errors  if  the  thread  itself  is  quite  correct. 

655.  Screws  with  notable  progressive 
errors  should  in  no  case  be  used  in  measuring, 
because  they  indicate  gross   defects    in  fabrication.     A  pro- 

*This  is  mainly  due  in  the  United  States  to  the  admirable  micrometers 
manufactured  by  several  reputable  firms,  and  their  cheapness. — G.  C.  Hg. 
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gressive  error  exists  when  a  micrometer  gives  different  readings 
of  the  same  object,  when  readings  are  taken  v^ith  different 
parts  of  the  screw,  or  when  equal  revolutions  of  the  microm- 
eter starting  from  the  same  division  give  increasing  or 
decreasing  lengths.  If  a  screw-thread  be  considered  as 
unwound  from  a  cylinder,  its  development  oa  on  a  plane  will 
be  a  right  line  at  an  angle  a  to  the  horizontal.  Fig.  437.  The 
screw  having  a  progressive  error  will  produce  a  curved  line  oa\ 
or  oa'\  A  complete  revolution  of  the  micrometer,  say  from 
2R  to  3-^  with  a  correct  screw,  will,  for  every  other  revolution, 
advance  the  screw  by  a  distance  =  /.  The  screw  developing 
the  line  oa\  having  progressive  errors,  does  not  advance  a  dist- 
ance /  for  one  revolution  R^  to  R^  by  /', ;  while  for  revolution 
R^  to  R,  it  is  =  /',  and  for  R,  to  R^  =  l\,  in  which  /'.  >  l\  >  /'„ 
etc.  If  such  a  defective  screw  were  to  be  used,  a  different  table 
of  corrective  values  would  be  required  for  each  revolution  or 
for  each  thread  of  the  screw. 

656.  A  screw  which  advances  equally  for  each  complete 
revolution,  always  beginning  at  the  same  point  of  the  head, 
may  still  have  noticeable  errors.  These  errors  will  only  be  rec- 
ognized if  the  same  object  be  repeatedly  measured,  each  ob- 
servation beginning  at  a  different  division  of  the  head,  and 
making  a  comparison  of  the  results.  All  measurements  made 
from  the  same  initial  reading  will  be  alike,  but  those  beginning 
with  initial  readings  o.iR,  o,2R,  0.3R,  etc.,  will  vary.  Such 
errors  are  called  periodic  errors;  their  cause  may  He  in 
the  screw  as  well  as  in  the  apparatus  ((55^).  A  helix  with  periodic 
(but  free  from  progressive)  errors  will  not  develop  as  a  straight 
line  aOy  Fig.  438,  but  will  be  sinuous,  about  as  in  oa\ 

A  micrometer  having  the  periodic  errors  plotted  in  line  oa' 
would  have  different  travel  for  0.3^  of/o,  /0.5  and  4,9  if  the 
rotation  of  screw  had  been  started  at  0.0/?,  0.5^  and  0.9/?,  or 
at  i.oRf  i.sR  and  1.9^,  etc.  This  screw  would  require  but 
a  single  corrective  table  for  one  revolution.  In  determining 
errors  it  will  of  course  be  necessary  to  make  a  greater  series  of 


<657i  658.)  Micrometer-screws.  535 

observations  extending  over  all  of  the  threads  which  might  later 
on  be  used  for  measurements.  The  average  error  of  observa- 
tions of  the  same  object,  made  from  the  same  initial  division 
of  the  head,  is  then  found  and  the  curve  of  errors  (period)  is 
plotted.  Such  measurements  take  time,  and  should  occasion- 
ally be  repeated  because  the  constants  of  the  apparatus 
may  vary ;  causes  of  periodic  errors  of  instruments,  particu- 
larly, may  change  {6^4^  ^57,  664)  ;  these  changes  are  rarely 
noticeable  superficially.  Micrometers  should  therefore  be 
carefully  handled  and  protected  if  accurate  results  are  desira- 
'ble.  This  is  especially  true  of  instruments  with  threads  as  fine 
as  presupposed  in  (80), 

657.  The  errors  of  a  screw  (of  thread)  are  always 
produced  during  manufacture.  Their  causes  are  frequently  so 
thoroughly  concealed  that  their  determination  requires  very 
exhaustive  but  also  very  instructive  investigation.  These  can- 
not be  here  discussed,  but  I  shall  refer  my  readers  to  the  nu- 
merous treatises  on  the  subject  coiVtained  in  the  various  vol- 
umes of  the  "  Zeitschrift  fuer  Instrumentenkunde"  and  other 
works.  I  desire  to  use  an  exaggerated  example  to  illustrate 
the  possibility  of  existence  of  periodic  errors  even  if  the  screw- 
thread  is  perfectly  accurate.  Suppose  5  in  Fig.  439  to  be  a 
micrometer-point  against  which  a  spring  F  presses  the  surface 
K\  this  surface  being  imperfectly  finished  stands  obliquely 
to  the  axis  of  the  screw.  This  error  is  of  no  importance  as 
long  as  the  point  of  the  screw  has  no  play  and  the  micrometer 
will  work  correctly.  But  should  the  point  be  eccentric  or 
play  about  the  axis  of  the  screw,  a  periodic  error  will  be  pro- 
duced, the  value  of  which  can  be  readily  calculated  from  the 
angle  of  surface  of  contact  and  the  eccentricity  of  the  point ;  a 
periodicity  of  0.000026  in.  (o.ooi  mm)  will  be  produced  by  an 
eccentricity  of  only  0.0039  in.  (0.1  mm)  (or  i^\^^  in.  for  y^ 
in.  eccentricity)  when  the  obliquity  of  contact-surface  is  only 
17.2  min. 

658.  The  errors  enumerated,  however,  by  no  means  ex- 
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haust  the  list  of  sources  of  error  of  a  micrometer  appa- 
ratus. Each  guide  or  slide  may  introduce  errors.  Clear- 
ances in  detail  or  play  between  screw  and 
nut  should  be  particularly  considered.  The 
neglect  of  these  sources  of  error  may  cause  very  material 
uncertainty  of  measurements.  The  screw  must  fit  the  nut 
perfectly,  without  being  tight,  especially  as  perfect  mainte- 
nance  of  surfaces  of  threads  demands  lubrication.  The  mechanic 
tries  to  guard  against  clearance  by  providing  springs,  causing 
the  same  surfaces  to  be  constantly  in  contact.  In  lubricated 
screws  this  occurs  only  conditionally,  as  Fig.  440  shows.  The 
nut  M  is  steadily  pressed  in  direction  M  by  the  springs  pro- 
vided. The  screw  will  tend  to  move  the  nut  in  the  direction 
of  arrow  S  drawn  full,  when  advancing,  and  in  that  drawn  dot- 
ted when  receding.  When  advancing,  the  screw  pushes  the 
nut ;  the  spring  is  pressed  more  forcibly ;  the  screw  must  over- 
come spring-pressure  and  friction.  When  receding,  the  spring 
pushes  the  nut ;  the  pressure  of  the  spring  is  reduced  ;  it  must 
overcome  the  frictional  resistances.  This  clearly  shows  the 
causes  of  errors  following  definite  laws,  which  as  a  rule  are 
very  small,  but  must  be  considered  in  screws  used  for  very 
accurate  measurements.  In  each  reversal  of  motion  the  lubri- 
cant must  flow  from  one  face  of  the  threads  to  the  opposite^ 
because  the  width  of  the  clearances  must  change  in  proportion 
to  the  resisting  pressure,  as  indicated  by  the  dotted  position  of 
nut  in  Fig.  440.  But,  as  the  resistance  varies  with  the  stress 
of  the  resisting  spring,  the  thickness  of  layer  of  lubricant  is 
different  for  each  position  of  screw.  This  produces  errors 
(although  very  slight)  of  the  progressive  kind.  Time,  however, 
also  plays  a  part ;  for  as  the  lubricant  between  bearing-surfaces 
must  flow  in  very  narrow  spaces,  and  the  differences  of  pres- 
sure are  usually  minimized  by  the  use  of  opposite  springs  of 
nearly  equal  resistance,  a  considerable  interval  of  time  never- 
theless elapses  before  the  oil  flows  from  one  face  to  the  other 
under   the  varying   pressures ;    this  must  of   course   produce 
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errors,  because  the  slide  (carried  by  the  nut)  may  still  move 
after  the  screw  has  come  to  rest.  All  of  these  errors  are,  how- 
ever, as  a  rule,  very  small ;  they  would,  nevertheless,  have  to 
be  considered  if  micrometers  were  to  be  made  of  the  same 
efficiency  as  mirror  apparatus. 

659.  I  have  carried  this  discussion  rather  further  than 
customary  when  considering  measuring-instruments  used  in 
common  practice.  But  I  had  the  object  of  shaking  up  the 
customary  sublime  confidence  which  engineers  sometimes  have 
in  palpably  questionable  micrometer-screws,  and  at  the  same 
time  to  avoid  the  necessity  later  on  of  referring  to  all  of  these 
points  in  the  discussion  of  the  individual  instruments. 

•     d.  Microscope  and  Telescope  Micrometers. 

660.  Micrometers  are  exceedingly  valua- 
ble in  connection  with  reading  microscopes 
and  telescopes,  for  the  purpose  of  measuring,  by  a  very 
few  revolutions,  the  displacement  of  the  cross-hairs  in  the  field 
of  view  of  the  instruments. 

The  micrometers  thus  used  are  placed  in  special  chambers 
in  the  tube  of  the  instrument.  They  contain  a  slide  on  which 
cross  or  parallel  hairs  (spiders'  lines,  quartz  threads)  are 
mounted,  or  fine  lines  cut  on  glass  plates.  These  threads  are 
shifted  with  the  slide  across  fixed  lines  or  marks  by  means  of 
the  micrometer.  The  fixed  and  movable  marks  (threads)  of 
the  micrometer  should  be  as  nearly  in  one  plane  as  possible. 
An  eyepiece  is  focussed  on  them ;  then  the  instrument  (micro- 
scope or  telescope)  is  focussed  on  the  object  in  such  manner 
that  its  image  coincides  accurately  with  the  plane  of  the  cross- 
hairs, in  order  to  avoid  parallax.  The  accuracy  of  coincidence 
of  planes  of  image  and  of  cross-hairs  is  determined  by  moving 
the  eye  forward  and  back  across  the  eyepiece.  In  this  case 
there  should  be  no  apparent  shifting  between  the  image  and 
cross-hairs. 


53^  V.    Measuring-apparatus.  (66i,  662.) 

661.  If  such  micrometers  are  to  be  used  for  measuring 
greater  differences  in  the  image,  hence  requiring  several  revo- 
lutions of  the  screw,  devices  are  generally  provided  which 
indicate  the  number  required  to  shift  the  cross-hairs  from  o  to 
coincidence  with  the  object,  or,  in  other  words,  the  length  of 
screw  used  in  the  measurements.  These  devices,  in  simpler 
instruments,  are  so-called  serrations,  the  teeth  indicating  revo- 
lutions, and  appear  in  the  field  as  shown  in  Fig.  441  ;  every 
fifth  tooth  is  marked  by  a  hole.  The  teeth  should  be  consid- 
ered as  numbered  (say  with  10,  15,  20,  as  in  Fig.  441).  The 
movable  double  line  is  (unless  the  divisions  have  been  previously 
calibrated  by  special  series  of  measurements)  made  to  coincide 
successively  with  both  lines  I  and  2  to  be  measured.  The 
readings  of  the  serrations  and  on  the  micrometer-head  may, 
for  example,  be  : 


Line  i,  reading   8.823-/? 


8.823^  ) 


2, 

Hence  if  lines  i  and  2  are  those  of  a  millimeter-scale, 

I  mm  =  8.924/?. 

Hence  the  centre  line  of  field  of  view  (tooth  15)  coincides 
with  reading 

,    15000  —  8.823  ^ 

I  H — - — s ^'mm  =  i.6q2  mm. 

'  8.924  ^ 

This  method  of  reading  by  adjustment  to  both 
lines  eliminates  the  errors  of  adjustment  of  microscope,  i.e., 
Its  magnification,  as  well  as  the  knowledge  of  actual  value  of 
one  revolution  of  screw,  and  each  measurement  gives  a  new 
value  for  the  determination  of  the  values  of  divisions  of  the 
divisions  read. 

662.  More  modern  micrometers  are  generally 
provided  with  lines  ruled  on  glass.  In  this  case  num- 
bered scales  are  usually  placed   on  the  glass  plate,  thus 
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reading  the  motion  of  movable  plate,  in  complete  revolutions, 
directly  on  the  scale.     Counting  the  serrations  is  obviated. 

663.  In  order  that  the  zero  of  the  head  coincide  with  the 
line  approximately  (more  is  unnecessary)  when  adjusting  the 
movable  to  the  fixed  line,  the  head  is  usually  provided  with  a 
conical  friction-bearing ;  it  may  therefore  be  adjusted  to  a  cor- 
rect position  by  revolving  it  on  its  axis. 

664.  The  movable  line  of  micrometers  is  usually  a  double 
line  a^  by  Fig.  441,  so  that  the  mark  is  made  to  fall  between 
them,  which  is  much  more  accurate  than  in  adjusting  one  dark 
line  to  a  black  mark.  It  must  here  be  repeated  that  lost  mo- 
tion should  be  minimized  by  adjustment  of  both  lines  in  the 
same  direction,  either  from  the  right  or  from  the  left  hand. 
The  amount  of  lost  motion  may,  however,  be  determined  very 
easily,  by  first  adjusting  both  lines  from  the  right  and  again 
from  the  left  hand  ;  the  difference  of  the  readings  for  the  same 
line  is  the  lost  motion. 

665.  An  excellent  instrument  having  the  device  just  de- 
scribed is  the  "spher  om  eter,"  model  III  (for  measuring 
thickness),  designed  by  Abbe,  and  built  by  Carl  Zeiss, 
Jena  {L56,  1892, p.  307).*  The  apparatus  is  constructed  in 
such  manner  that  the  readings  are  taken  on  a 
scale  which  is  used  as  a  direct  standard  of 
comparison  with  the  length  to  be  measured; 
this  scale  is  the  rectilinear  continuation  of  the  piece  to  be 
measured.  Abbe  used  these  principles  of  design  because  it 
was  easy  to  make  accurate  divisions  of  length,  and  because  a 
scale  can  be  readily  calibrated  by  a  comparator  by  the  method 
described  in  {661),  If  the  length  to  be  measured  lies  in  the 
same  line  with   the   measuring-scale,  the  errors  of  the  motion 

*  The  firm  also  builds  a  smaller  one,  model  II.  In  this  apparatus  the 
support  A  is  replaced  by  a  triangular  prism,  on  which  the  microscope  arm 
and  scale  slide,  so  that  variations  of  2  in.  on  a  length  of  8  in.  may  be 
measured  directly.  The  slide  is  set  by  means  of  standard  end  gauges. 
The  scale  is  2  in.  long. 
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of  the  carriage  or  slide  can  have  but  very  slight  effect  on  read- 
ings. 

The  comparator  used  at  the  Charlottenburg  Test- 
ing Laboratory  permits  measurements  of  4  in.  (100  mm) ; 
it  will  be  specially  improved  for  the  calibration  of  the  Mar- 
tens mirror  apparatus  {6p2-6pp),  for  which  heretofore  the 
Klebe-Bauschinger  apparatus  (66p)  was  used.  An  iris 
shutter  is  provided  for  centering  balls  (bicycle  balls)  to  be 
measured. 

e.  Micrometers  for  End  Measurements  with  Contact 

Deyicee. 

666.  In  use  of  ordinary  screw-micrometers,  Fig.  443, 
measurements  are  made  by  adjusting  the  contact  as  uniformly 
as  possible  by  the  touch  of  the  fingers,  by  turning  the  head  of 
screw  3  until  the  end  touches  the  end  of  screw  2  or  the  object. 
Whole  revolutions  are  read  off  on  the  sleeve  4,  subsidiary  divi- 
sions on  the  sleeve  5.  Screw  2  serves  for  adjustment  to  o.  In 
some  micrometers  there  is  a  friction  ring  between  sleeves  5  and  6 
which  prevents  the  screw  being  forced  against  the  object  with 
not  more  than  a  definite  pressure,  and  turns  freely  after  such 
force  is  applied.  Skilled  observers,  however,  certainly  work 
as  accurately  by  touch  of  the  hand  as  with  this  friction  device. 

If  the  thickness  of  soft  bodies  is  to  be  measured,  the  ends  2 
and  3  are  provided  with  shoes  which  provide  large  contact- 
surfaces  to  prevent  crushing  (paper,  leather,  cloth,  etc.). 

667.  For  some  purposes  it  is  convenient  to  use  a  light 
electric  current  to  indicate  contact,  because  great  sensitiveness 
is  obtained  thereby  {L  215,  p.  21,  Fig.  i). 

I  constructed  the  micrometer  apparatus  based  on  this  prin- 
ciple shown  by  Fig.  444  for  the  Charlottenburg  Labo- 
ratory. The  apparatus  served  to  determine  the  changes  of 
length  of  blocks  of  concrete  of  different  mixtures  during  con- 
tinuous hardening  and  under  thermal  changes.  The  brass 
pipe  5  was  rammed  into  the  concrete  block  8  X  8  X  30  in. 
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{20  X  20  X  75  cm),  Fig.  445,  by  means  of  a  brass  disk ;  other- 
wise the  pipe  was  quite  free  in  the  concrete,  as  the  sleeve  sur- 
rounding the  pipe  was  withdrawn  immediately  after  completion. 
The  brass  pegs  2  were  built  into  the  block  by  a  special  templet 
which  insured  their  identical  position  in  all.  Pegs  2  had  spher- 
ical heads  which  supported  a  disk  of  plate  glass  i,  about  0.6  in. 
{15  mm)  thick,  on  which  the  micrometer-screw  3,  Fig.  444,  was 
mounted.  The  gauge  6  is  notched  at  each  end,  both  edges  of 
one  notch  bearing  against  one  pin,  2,  the  other  bearing  against 
the  other  pin.  The  third  pin,  2,  merely  supports  the  plate.  In 
this  manner  the  disk  was  always  replaced  in  exactly  the  same 
position  for  each  measurement,  and  the  micrometer-point  3  was 
sure  to  invariably  touch  the  same  point  of  the  end  surface  of 
tube  5,  because  it  was  secured  in  one  position  by  three  wooden 
wedges  inserted  in  the  space  at  the  upper  end.  The  microm- 
eter was  connected  with  the  weak  current  of  a  galvanoscope. 
The  other  wire  was  connected  with  the  brass  tube.  The  con- 
tact of  micrometer  and  brass  tube  was  clearly  marked.  In 
order  to  detect  any  changes  of  the  instrument,  especially  of 
the  point  of  micrometer,  the  apparatus  was  placed  on  a  cast- 
iron  gauge-plate  provided  with  three  supporting  pins  similar  to 
those  in  the  concrete,  after  each  series  of  tests,  and  carefully 
preserved.  Table  45  gives  a  series  of  calibration  measure- 
ments on  this  gauge-plate  which  prove  that  adjustment  by  use 
of  electric  contact  has  a  probable  error  of  0.64 .  t^jW-  T^^  head 
of  the  micrometer  is  divided  into  100  parts,  and  the  screw  has 
two  threads  per  millimeter. 

668.  Bauschinger  introduced  a  sensitive  micrometer 
with  contact-lever  for  measuring  changes  of  length  of  cement 
and  mortar  during  setting,  in  1878,  Fig.  446  (Z  2,  Part  8).  The 
stand  I  carries  a  micrometer  3  by  the  lever  5  and  a  very 
•easily  movable  suspension-rod  4.  The  test-piece  2,  about  4 
in.  (100  mm)  long,  and  having  contact-plates  at  its  ends,  is 
supported  on  a  firm  table  on  i.  The  point  of  contact-lever  10 
is  brought  to  bear  against  one  end  of  the  bar,  and  micrometer 
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7  is  then  turned  until  lO  coincides  with  the  mark  1 1.  The 
screw  has  2  threads  per  mm,  and  the  head  is  divided  into  loa 
parts,  and  its  revolutions  are  indicated  on  8.  The  balance- 
weight  13  maintains  contact.  The  spring  12  insures  a  con- 
stant pressure  against  the  end  of  micrometer-screw.  The  in- 
strument has  been  made  in  large  numbers  by  B  a  u  s  c  h  i  n- 
g  e  r '  s  assistant,  Klebe  of  Munich. 

Table  45.    Calibration-reading^s  of  an  Electrie-contact 

Spheronieter. 

Series  I  and  II  were  made  indoors;  III  and  IV  in  the  open  air,  after  ex» 
posure  of  i  hour;  during  readings  I  and  II  and  III  and  IV  the  instrument 
remained  on  the  plate. 

Value  of  divisions  TiAnr  ^^' 


9/1/95 

9/»/95 

9/1/95 

9/1/95 

"A/95 

X4/1/95 

I 

II 

III 

IV 

V 

VI 

ax. so®  C. 

21.5"  c. 

-    X.O-  C. 

-  I.O*  C. 

ig.©"  C. 

x6.5°  C. 

13355 

13351 

13349 

13348 

I3351 

13350 

5 

2 

8 

8 

I 

0 

4 

4 

8 

6 

0 

0 

3 

3 

9 

7 

I 

49 

2 

4 

7 

6 

I 

51 

2 

4 

5 

8 

I 

49 

4 

4 

6 

8 

I 

50 

3 

3 

7 

8 

I 

0 

5 

2 

7 

8 

0 

0 

4 

I 

6 

8 

0 

0 

Mean 

53.7 

52.8 

47.2 

47.5 

50.7 

49.9 

r  =  ± 

0.78 

0.83 

0.89 

0.57 

0.33 

0.38 

r  from  all  readings  (60)  =  ±  0.64. 

I  constructed  an  apparatus  for  the  same  purpose  for  the 
Charlottenburg  Laboratory,  by  which  the  changes 
of  length  of  10  test-pieces  were  determined  simultaneously  by 
photographic  means,  without  again  touching  them  after  being 
placed  in  position.  I  used  contact-levers  4,  after  the  method 
of  D  e  b  r  a  y,  P  a  r  i  s,  which  remain  in  permanent  contact  with 
the  test-pieces  3,  as  shown  in  Fig.  447.  The  levers  4,  having  a 
knife-edge  0.08  in.  (2  mm)  long,  bear  on  the  body  3,  and  two 
other  knife-edges,  in  the  same  line,  and  each  also  0,08  in.  long, 
bear  in  grooves  of  the  frame  I.  This  holds  the  upper  end  of 
the  bodies  very  accurately  in  one  position  without  constraint. 
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their  lower  ends  resting  on  the  adjusting-screws  2.  The  end 
of  the  contact-lever  is  blackened,  and  moves  over  the  mm 
scale  5  without  touching  it.  The  lever-ratio  is  1 :  20 ;  hence 
the  changes  of  length  may  be  estimated  to  about  the  y^Vir  ^"* 
(fJit  i^n^)-  Ten  test-pieces  are  mounted  in  a  frame,  and  three 
frames  stand  on  one  glass  plate,  one  behind  the  other,  each 
having  three  feet.  This  plate  may  be  very  readily  immersed 
in  a  bath  by  means  of  long  handles,  and  supported  on  a 
wall-bracket  free  from  vibrations.  The  bath  permits  re- 
plenishing the  water  without  vibrations.  The  readings  are 
obtained  by  photographing  the  three  scales  placed  behind 
each  other  and  after  developing  the  plate.  The  multiplica- 
tion may  easily  be  made  5ofold  without  modifying  the  con- 
struction ;  by  applying  the  principle  of  my  mirror  apparatus 
{6p2-6pp)  icx)-  or  even  20C)-fold  reading  may  be  easily  obtained 
without  otherwise  changing  the  method  described.  20-fold 
magnification  will  suffice  for  determining  swelling  of  bond  ma- 
terials. 

669.  Adopting  Bauschinger's  construction  of  sensi- 
tive micrometer,  K 1  e  b  e  constructed  an  apparatus,  Fig.  448, 
for  measuring  thickness.  This  apparatus  is  used  at  the 
Charlottenburg  Laboratory,  especially  for  regu- 
larly calibrating  the  Bauschinger  {6po  and  dp/)  and  Mar- 
tens {6p2-6pp)  mirror  apparatus,  as  well  as  other  instruments 
of  precision.  The  contact-lever  5  is  delicately  supported  on 
the  frame  2,  and  can  be  raised  or  lowered  by  screw  4.  The 
number  of  revolutions  made  by  the  micrometer-screw  6, 
having  5  threads  per  mm,  are  counted  by  the  wheel  8.  The 
contact-levers  14  and  15  indicate  the  adjustment  on  scale  16. 
This  scale,  added  upon  my  suggestion,  increases  the  accuracy 
of  readings  materially.  For  the  purpose  of  measuring  thick- 
nesses (say  of  roller  of  Bauschinger  mirror  apparatus)  it  is 
only  necessary  to  adjust  the  micrometer  approximately,  and 
the  last  figures  of  reading  may  then  be  obtained  from  the 
index-scale  16  by  taking  that  reading  as  the  reading  of  initial 
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adjustment   at  which  the   contact-lever   reverses   its   original 

motion  when  the  screw  4  is  turned  further.     The  positive  or 

negative  value  of  reading  on  16  in  terms  of  revolutions  R  of 

micrometer  is  added  to  the  reading  of  the  latter.     The  value 

of  the  scale-divisions  were  determined  by  measurements  ;  it  is 

as  a  mean  : 

I  division  =  (ic/S  ±  0.04)  R  lO"* 

for  the  Charlottenburg  apparatus. 

It  appeared  very  desirable  that  at  least  the  largest 
public  testing  laboratories  in  Germany  at  that  time  might 
obtain  concurrent  results.  In  order  to  obtain  this  condition 
the  Klebe-Bauschinger  apparatus  was  procured,  and 
then  Bauschinger  and  the  Charlottenburg  Labo- 
ratory, at  my  request,  made  a  very  careful  comparison  of 
their  two  instruments  by  measuring  the  same  body,  previously 
measured  by  the  Standards  Calibrating  Commission  at  Berlin,  at 
different  temperatures,  in  order  to  determine  the  factors  of 
expansion  by  heat  of  the  instruments,  at  the  same  time.  A 
standard  such  as  is  shown  in  Fig.  449a,  of  steel,  was  selected 
for  this  purpose,  the  central  hardened  part  of  which  had  a  middle 
zone  4  mm  wide  marked  on  it.  Two  diameters  midway 
between  these  rings  and  at  right  angles  to  each  other,  passing 
through  planes  indicated  by  lines  i  and  2  on  the  right  end  of 
the  piece,  are  measured.  These  two  diameters  were  found 
to  be : 


Diameter. 

Staodards 

Calibrating 

Commisaion. 

a 

Bauschinger. 

CharlottcDbarg 
Laboratory. 

c 

Ratio. 

• 

1—3 
2—4 

9.9830 
9.9822 

10.07898 
10.07813 

9.97238 
9.97152 

1. 00106 

1. 00107 

Difference  . 

0.0008 

0.00085 

0.00086 

— 

Mean 

9.9826 

10.07856 

9.97195 

X.  001065 
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Hence  measurements  made  by  the  apparatus  calculated 
for  a  temperature  of  20**  C.  (71**  F.)  should  be  multiplied  by 
1.CXD1065  in  order  to  give  the  correct  result  in  millimeters. 

B.  Measurement  of  Deformations  during  Test. 

670.  Having  discussed  several  recurring  devices  in  meas- 
uring-instruments, and  several  arrangements  used  for  definite 
purposes,  those  instruments  which  are  used  for  measuring 
changes  of  length  during  test  shall  be  discussed. 

a.  Beading-scales^  Indicating-levers^  Piyoted  and 

Friction  Boilers. 

671.  Several  simple  scales  have  been  described  in  (7^), 
and  in  {iJ7)  methods  for  determining  extension  after  rupture 
are  discussed.  In  (/jd,  6)  the  method  introduced  by  myself  in 
the  Charlottenburg  Testing  Laboratory,  in 
which  the  divisions  are  marked  according  to  the  value 
Jj  =  0.565  ^a,  ^^d  the  scales  divided  into  per  cents  of  gauge- 
lengths,  are  described.  I  again  desire  briefly  to  call  attention 
to  the  advantage  thereby  obtained,  without  entering  upon  the 
description  of  the  simple  reading-scales. 

672.  Although  personally  I  attach  little  practical  value  in 
general  to  efforts  to  be  able  to  read  or  indicate 
measurements  of  extension  with  slight  mag- 
nification, I  shall  nevertheless  mention  a  few  devices,  be- 
cause others  are  of  a  different  opinion. 

I  shall  omit  the  vernier,  and  merely  mention  that  very 
long  verniers  are  used  by  some,  provided  with  lenses,  to  be 
able  to  read  to  about  -^  mm  (0.002  in.). 

673.  A  vernier  in  connection  with  a  multiplying-lever, 
designed  by  the  late  Col.  W.  H.  Paine,  is  sold  by 
Riehl^  Bros,  of  Philadelphia,  Pa.,  Fig.  449^.  The  in- 
struments consist  of  two  slides  which  are  attached  to  the 
gauge-marks  by  points  and  clamping-springs  at  either  end. 
The  left  slide  is  provided  with  a  scale,  while  the  other  has  a 
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vernier  for  direct  readings  (to  yoW  in. -0.0025  mm).  The 
multiplying-Iever  hangs  on  a  pin  at  the  upper  end  of  the 
right-hand  slide,  its  short  arm  being  moved  by  a  block  on  the 
left  slide,  while  the  long  arm  pushes  a  vernier  over  a  scale. 
The  lever  multiplies  about  20  times,  and  the  readings  on  the 
vernier  are  xT^inr  *"•  This,  however,  requires  a  magnifying- 
glass.  The  instrument  measures  but  one  element  of  the  bar ; 
its  accuracy  depends  upon  that  of  the  scale,  the  ratio  of  lever, 
the  error  of  angularity  of  lever  (90^  ±  Jar),  the  lost  motion  at 
centre  of  motion,  flexure  of  the  long  lever  produced  by  the 
friction  of  the  sliding  vernier.  It  must  also  be  certain  that  the 
block  on  the  right-hand  slide  is  truly  plane,  and  normal  to  the 
direction  of  motion,  if  it  is  not  to  be  a  source  of  error. 

674.  The  extensometer  of  Prof.  Kennedy,  Lon- 
don, is  shown  diagrammatically  in  Fig.  450.  It  consists  of 
a  bar,  2,  held  against  test-piece  i  by  a  clamping-spring,  5,  a 
multiplying-lever,  3,  being  carried  by  pivots  on  the  upper  end 
of  2,  indicating  extensions  on  the  scale  4.  The  ratio  may 
easily  be  -^  or  y^,  and  -g^-^y  or  Yi^r^jf  ^^^  ^^^Y  ^^  estimated  on 
an  arc  divided  into  millimeters.  As  the  instrument  is  simple 
and  can  be  securely  attached,  reliable  results  may  be  expected. 
Flexure  of  2  produced  by  spring  5  may  of  course  affect  adjust- 
ment, as  it  is  transmitted  to  the  scale ;  but  as  the  variations  of 
the  stress  in  the  apparatus  during  test  are  immaterial,  readings 
are  hardlyaffected  thereby.  Theoretical  and  instrumental  errors 
may  be  calculated  or  determined  by  calibration,  and  correc- 
tions applied  from  tables  of  errors,  as  the  initial  position  of  the 
lever  is  fixed  by  the  o  of  scale  (<?<{?).  The  apparatus  cer- 
tainly deserves  serious  consideration.  Pivoting  the  lever  3  is 
questionable,  and  its  results  are  probably  dependent  upon 
accuracy  of  workmanship ;  but  a  conscientious  observer  will 
certainly  determine  the  errors  of  his  instruments  in  every 
case. 

675.  By  successfully  applying  the  principles  of  my  mirror 
apparatus  to  the  Kennedy  apparatus  it  has  taken  the  form 
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shown  byi^ig.  451,  in  which  it  has  been  built  for  the  Char- 
lottenburg  Laboratory  and  others  by  the  laboratory 
mechanic  E .  B  o  e  h  m  e .  It  was  my  object  to  take  from  it  its 
spreading  appearance,  by  attaching  the  scales  to  the  lower 
end  of  the  gauge-bars  2.  The  arrangement  will  be  under- 
stood from  {88)  and  the  drawing.  The  statements  regarding 
sources  of  errors  in  {6j^)  also  apply  in  this  case.  An  exami- 
nation of  the  accuracy  of  the  instruments  based  on  Ken- 
nedy's principle  leads  to  the  following.  In  material  having 
a  factor  of  extension  ^y=  5  .  ic '  for  J5=  lOO  at.,  and  for 
/,  =  8  in.  (20  cm), 

e^  =  5^^^^  =  100.  20.  5 .  lo"'  =  ytjVit  cm, 

or  o.oi  mm,  i.e.,  in  a  single  apparatus  =  10  units  of  estimations 
(or  vernier),  and  in  a  duplex  apparatus  together  20  units,  in 
which  errors  of  readings  of  ±  2  units  may  be  estimated.  If  the 
/^-limit  (J7)  be  assumed  very  high,  5/»=  42,660  lbs.  (=  3000 
at.),  the  scale  would  be  1.2  in.  (30  mm)  long;  2.0  in.  (50  mm) 
will  therefore  always  suffice.  As  a  rule  the  instruments  are 
made  for  shorter  lengths  /^,  because  it  is  inconvenient  to  work 
with  such  long  test-pieces  as  required  for  /,  =  8  in.  (20  cm). 
Therefore  the  scale  is  more  finely  divided,  and  the  multiplying 
ratio  is  modified. 

676.  Klebe,  Munich,  constructed  a  lever  apparatus, 
inspired  by  a  publication  of  D  e  b  r  a  y,  Paris  (Z  2Sj)t  having 
multiplication  of  2.  From  this  Bach,  Stuttgart,  had  an 
apparatus  constructed  shown  in  Fig.  452.  He  dropped  the 
geared  transmission  of  motion  of  his  predecessors,  and  used  a 
metal  band  instead  {S47  and  S48),  Fig.  452  shows  the  appa- 
ratus used  by  B  a  c  h  {L  27,  1895,  p.  491)  for  crushing-tests  of 
blocks  of  concrete  of  /,  =  30  in.  (75  cm).  The  two  measuring- 
apparatus  are  placed  in  the  same  meridian  plane  on  opposite 
sides  of  the  test-pieces  I,  and  secured  by  4  pointed  screws  in 
each  of  the  frames  2  and  3.  Frame  3  supports  the  double  levers 
6  and  7  and  the  graduated  arc  8.     The  frame  2  carries  the  ad- 
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justing-screw  4,  supporting  the  column  5,  having  a  single-  and 
a  double-pointed  end,  and  being  made  adjustable  to  any 
length  /^  by  the  adjusting-screw  9.  The  column  5  acts  on  the 
lever  6,  which  (carried  by  pivots  ?)  transmits  the  motion  by 
thin  metal  bands  to  the  pivoted  rollers  of  the  indicating- 
lever  7. 

Regarding  the  probable  degree  of  accuracy,  and  the 
sources  of  errors,  I  wish  to  refer  briefly  to  the  following,  with- 
out laying  claim  to  an  exhaustive  demonstration.  The  mul- 
tiplication is  stated  to  be  300-fold.  If  the  arc  be  divided  into 
millimeters,  aside  from  the  error  due  to  the  theory  of  the  sine 
of  angularity  under  increasing  deformations,  the  readings  might 
be  estimated  to  t^jV^t  ^^'  The  theoretical  error  may  be  elimi- 
nated by  use  of  calculated  tables  of  errors,  but  may  be 
avoided  by  proper  construction  if  the  principle  considered 
proper  for  connecting  levers  6  and  7  by  a  metal  band  be  ap- 
plied at  the  short  end  of  lever  6,  rounding  it  off  and  attaching  a 
thin  metal  band  to  it  and  the  upper  end  of  the  column  5  (this 
band  should  be  short  because  of  the  rapid  adjustment  to  ther- 
mal changes).  Whether,  however,  these  wrapping  connect- 
ors actually  overcome  the  objections  made  by  fe  a  c  h  against 
the  use  of  friction  in  measuring-instruments  (B  a  u  s  c  h  i  n  g  e  r's 
roller-apparatus)  can  only  be  determined  by  accurate  test  (or 
calculation).  Because  of  lack  of  data,  it  is  difficult  to  say 
whether  the  stiffness  of  these  connectors  does  not  affect  the 
ratio  of  multiplication.  For  the  present  it  seems  doubtful  to 
me  whether  errors  are  not  produced  by  the  increasing  and 
decreasing  curvature  of  these  bands  when  wrapping  the  arcs, 
especially  during  reversal  of  motion,  i.e.,  during  loading  and 
release,  similar  to  those  produced  by  play,  or  slipping  during 
transmission  by  friction.  Great  attention  will  certainly  have 
to  be  paid  to  this  point  when  it  is  a  matter  of  absolute  lengths 
and  accuracy,  and  of  determination  of  constants  of  elasticity,  as 
well  as  to  the  possibility  of  lost  motion  in  the  pivot-bearings  of 
levers  caused  by  reversal  of  motion.  Besides  this  there  should  be 


(677*)        Reading-scales,  Indicating-levers,  Extensomsters.  549 

considered  what  has  been  said  in  (pS)  about  instruments  used 
for  the  determination  of  the  P-litnit,  and  the  question  whether 
the  apparatus  works  rapidly  and  with  certainty ;  only  those 
can  form  a  judgment  in  this  regard  who  have  had  practical 
experience  with  the  apparatus.  So  as  not  to  omit  it,  I  wish 
to  call  attention  to  the  fact  that  the  point  of  support  of  lower 
end  of  column  5  should  lie  in  the  plane  of  the  attaching 
screws  in  frames  2.  The  point  of  revolution  of  lever  6  meets 
this  requirement. 

As  large  lever-ratios  are  easily  obtainable  with  a  single  lever, 
compound-lever  systems  should,  if  possible,  be  dispensed  with  in 
measuring-instruments.  I  wish  to  refer  to  an  example  of  such 
construction  by  mentioning  that  of  R.  F  u  e  s  s ,  Steglitz,  who 
obtains  a  ratio  of  i  :  1000  in  the  manner  shown  by  Fig.  453.  He 
constructs  a  lever  consisting  of  two  bevelled  plates,  i  and  2,  which 
are  so  arranged  in  the  frame  5  that  the  edges  lap  by  0.0039  in.  (o.i 
mm).  The  supporting  knife-edge  4  bears  against  the  plate  i,  and 
the  movable  fulcrum  3  against  2.  A  lever  of  but  4  in.  (100  mm) 
length  produces  a  multiplication  of  i  :  1000. 

677.  The  extensometer  of  Neel  and  Clermont  {L 
/<?,  189S,  pp.  575  and  673)  is  shown  in  Figs.  454  and  455  ;  the 
notation  is  the  same  in  both  figures.  The  springs  6,  made  ad- 
justable by  bolts  13,  are  attached  to  upper  gauge-mark  of 
length  /,  by  the  pointed  screws  7.  A  frame  is  attached  at  the 
lower  gauge-mark  by  pointed  screws  3.  This  frame  forms  a 
lever,  the  end  2  of  which  is  connected  to  lever  6  by  pointed 
screws,  while  the  other  end,  4,  is  attached  by  pointed  screws  to 
a  frame,  forming  the  indicating-lever  5,  connected  at  its  short 
end  by  pointed  screws  i  with  spring  6.  Hence  the  pointer  5 
indicates  the  changes  of  length  of  /« in  a  multiplied  manner,  re- 
cording the  motion  of  its  point  on  a  plate  9  revolving  about  its 
point  of  support.  The  scale  is  balanced  by  adding  weight?, 
and  the  lever  12  makes  contact  at  11;  the  electromagnet  10 
then  revolves  9  slightly,  the  point  leaving  a  trace.  The  dis- 
tance between  marks  indicates  changes  of  length  of  /,  for  each 
interval  of  load. 

This  apparatus,  in  my  opinion,  received  extravagant  praise 
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in  the  reference  stated,  which  led  me  to  publish  the  following 
criticism : 

The  idea  of  obtaining  a  record  is  undoubtedly  bright  and  singu- 
lar, although  it  is  not  quite  without  predecessors.  As  a  recorder,  it 
must  be  compared  with  simpler  and  more  practical  designs,  among 
which,  without  referring  to  mirror  apparatus,  I  will  ;iame  the  re- 
corders of  U  n  w  i  n  and  Kennedy;  the  latter  may  be  materially 
improved  when  used  as  a  reading-apparatus  (d^j).  The  ratio  of 
multiplication  of  the  recorder,  the  constant  C,  assuming  that  the 
lever   23  =  34  =  ^  and  the  length  of  indicator  =  ^,  is  given  as 

C  =  —  =  ^ — .     The  length  of  lever  14  =  a  would  hence  be  i  mm 
a  I 

when  using  a  pointer  250  mm  long,  or  a  practicable  length.  It  may 
be  urged  against  the  general  principle  of  the  extension-indicator 
that  the  extension  measured  on  arc  9,  Fig.  454,  requires  recalcula- 
tion if  accurate  values  are  desired  ;  this  can,  however,  be  done 
readily  by  tables  and  is  of  little  importance.  The  objections  urged 
from  the  practical  point  of  actual  testing  are  much  more  important. 

The  writer  does  not  state  where  the  plate  9  is  supported;  and 
this  is  essential.  Notable  errors  may  arise  when  it  is  not  supported 
on  the  test-piece,  and  then  at  the  gauge-marks,  otherwise  shifting  of 
the  gauge-marks  in  space  will  be  recorded  as  well.  This  objection 
is  a  matter  of  principle  if  the  supposition  to  be  drawn  from  the 
description,  but  not  positively  proved,  is  correct. 

In  opposition  to  the  writer  I  cannot  consider  the  principle  of 
construction  of  this  recorder  as  either  skilful  or  worthy  of  imita- 
tion. I  am,  moreover,  convinced  that  a  calibration  of  the  apparatus 
will  readily  prove  its  insufficiency  as  a  measuring-instrument.  If, 
however,  the  apparatus  is  to  be  used  only  as  a  recorder,  then  the 

determination  of  the  factor  of  extension  (^/ =  -^1  from  the  dia- 
gram is  inadmissible  because  inaccurate.  Even  for  this  purpose  the 
instrument  is  very  clumsy,   as  will  be  seen   from   the   following : 

Apparently  the  apparatus  is  intended  for  but  one  case  alone, 
that  of  a  test  of  a  square  bar  of  about  0.8  in.  face  (20  mm)  (it  may 
be  applicable  to  a  round  bar  of  same  diameter,  but  its  difficulty  of 
attachment  is  greater);  it  also  seems  to  be  constructed  only  for  a 
length  i^  =  8  in.  (200  mm),  at  least  provisions  for  shortening  the 
side  springs  are  not  noticeable. 

No  explanation  of  its  method  of  attachment  to  test-pieces  is 
given.  But,  according  to  Fig.  455,  it  cannot  be  attached  to  shoul- 
dered test-pieces  without  at  least  taking  the  lower  frame  apart.  The 
constructor  seems  to  admit  this  by  providing  the  pointed  screws  with 
broad  (knurled  ?)  heads.  How,  in  fact,  can  an  apparatus  work 
accurately  in  which  lever-motions  depend  upon  four  pair  of  pointed 
screws,  of  which  generally  two   (the  clamping-screws  3)  must  each 
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time  be  loosened,  and  reinserted  into  rough  punch-marks,  or  even 
forced  into  the  test-piece  ?  The  screws  3  must  be  forced  with  suf- 
ficient pressure  to  spring  the  frames,  in  order  that  they  remain  in 
position  on  the  test-piece  during  a  diminution  of  section,  otherwise 
accuracy  is  impossible.  If,  however,  the  screws  3  are  always  forced 
in  an  uncontrollable  manner,  so  that  the  frame,  acting  as  their  nuts, 
is  sprung  outwardly,  the  pointed  screws  of  the  indicating-lever  must 
always  suffer  an  indefinite  increase  of  pressure  ;  what  becomes  of 
the  permanence  of  lever-ratios  in  such  case,  and  the  constancy  of 
frictional  resistances  ?  And  furthermore,  what  will  happen  when 
it  is  necessary  to  dismantle  the  apparatus  each  time  a  test-piece  is  to 
be  inserted  in  it  ?  The  springs  6  are  spread  -laterally  by  rollers  8 
bearing  between  them  and  the  test-piece,  and  strain  the  pointed 
screws  in  the  direction  of  the  double-headed  arrows  (Fig,  454) 
differently  during  test.  The  stress  produced  by  the  rollers  is  dif- 
ferent in  each  test.  What  will  happen  if  the  work  necessary  for 
proper  attachment  is  to  be  done  at  a  steel-works  ? 

But  this  does  not  complete  my  objections.  It  is  generally  con- 
sidered necessary  to  measure  elastic  deformations  on  two  opposite 
elements  of  a  test-piece  in  order  to  obtain  the  mean  extension  even 
approximately  (it  is  not  possible  to  do  this  accurately  because  the 
inner  elements  undergo  different  extension  from  those  on  the  surface, 
which  alone  are  measurable).  There  are,  however,  apparatus  which 
avoid  the  separate  measurement  of  extension  of  two  elements,  and 
attempt  the  direct  reading  of  the  mean  extension  by  means  of 
mechanical  devices  [Unwin  (704),  Hartig  {/oj),  etc.] ;  to  these 
belongs  that  of  Neel-Clermont.  Although  the  solution  of  this 
problem  is  technically  difficult  as  long  as  accurate  readings  are 
desired,  and  must  thus  far  be  considered  generally  questionable,  it 
should  be  remarked  about  the  above-discussed  apparatus  that  it 
solves  this  problem  in  a  very  unfortunate  manner.  (I  am  certain 
that  an  accurate  investigation  of  the  sources  of  errors  will  justify 
this,  my  opinion  derived  from  an  examination  of  the  drawings.) 
This  will  seem  clear  when  it  is  noted  that  the  upper  clamping-screws 
are  set  at  R.A.  to  the  lower  pair.  It  is  simply  impossible,  even  when 
making  the  gauge-marks  in  a  special  device,  to  attach  this  recorder 
in  such  manner  that  the  upper  part  does  not  exert  stress  on  the 
lower,  i.  e  ,  primarily  on  the  screw-points  of  the  levers;  what  becomes 
in  such  case  of  the  accuracy  of  indications  ?  The  principle  has 
been  established  (as  previously  stated)  of  measuring  the  extension 
of  two  fibres  ;  this  has  only  been  done  because  it  is  known  that  both 
fibres  frequently  stretch  differently.  When  this  happens  there  must 
be  constraint  on  the  pivots  of  the  levers,  and  the  uncontrollable 
effect  on  the  degree  of  accuracy  may  also  arise  if  the  apparatus  had 
been  originally  applied  in  a  perfect  manner. 

Securing  the  springs  at  the  upper  ends  by  pivot-screws  is  also 
questionable,  because  it  is  not  invariably  safe  under  alLcircum- 
:stances.     The  screws  must  be  forced  so  hard  as  to  fill  the  holes  in 


552  V.   Measuring-apparatus.  (678. 678,> 

the  springs  completely  ;  and  the  points  must  also  fit  into  the  punch- 
marks.  Screws  13  of  course  provide  for  rough  initial  adjustment  of 
the  pointer,  but  it  is  not  shown  how  the  pointer  can  be  accurately 
adjusted  to  the  smoked-glass  plate. 

I  have  here  indicated  the  objections  noticeable  from  the  illustra- 
tions only  hastily,  and  cannot  enter  upon  closer  discussion  of  the 
sources  of  errors  which  must  be  due  to  workmanship  in  such  con- 
structions ;  it  is  merely  necessary  to  think  of  the  effects  of 
eccentricity  of  screws  to  realize  the  possibilities. 

The  Neel-Clermont  apparatus  cannot  lay  claim  to  being 
an  unobjectionable  measuring-instrument,  as  I  have  shown;  it  might 
only  serve  as  a  diagramming-apparatus  of  interesting  construction 
based  on  noteworthy  principles,  but  before  using  it  for  measurements- 
it  would  certainly  be  necessary  to  calibrate  each 
instrument  and  before  each  test 

678.  The  following  apparatus  should  also  be  classified 
with  that  discussed  in  {dyo-dyj) : 

(J7)  Bauschinger's  roller,  apparatus  [when  used  with 
string,  /pj.  Fig.  136;  204,  Fig.  150]. 
(/p^)  Bauschinger's    contact-levers    for   thrust-tests. 

(Fig.  135). 
{194)  Martens,  records  with  Bauschinger  contact- 
lever,  thrust-tests  (Fig.  137). 
(/pj)  EngineeringLaboratory,  M.  I.  T.,  Boston,. 

recorder  for  thrust-tests  (Fig.  138). 
{421)  Martens,  measurements  of  circumferential  changes 

of  vessels  Cnder  hydraulic  pressure-test  (Fig.  292). 
(5J-?)  Martens,    load-indicator   for  the  Pohlmeyer 

machine  (PI.  9,  Figs.  19-27.)  (Discussion  of  errors,. 

see  S34  <^-^- ) 
is 43)  Wendler,  stress- and  strain-indicator. 
{544^545^548,349)    Leuner's  devices   for   measuring 

stress  and  strain. 

679.  With  special  regard  to  the  statement  relative  to- 
errors  of  wrapping  connectors  {534^  ^)>  I  desire  to  call  atten- 
tion to  the  skilful  arrangement  in  the  apparatus  of  G.  B o  1  ey,. 
Esslingen,  which  Bach  describes  (L  27,  1890,  p.  1042). 
He  uses  a  V-shaped  thin  forked  metal  strip  i,  Fig.  456,  which 
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wraps  itself  spirally  about  the  axis  of  the  indicator.  This  per- 
mits several  revolutions  without  errors,  as  stated  in  {S34)  J 
possible  errors  due  to  rigidity  of  connector  still  remain  {6y6). 

679a.  Another  extensometer  with  wrapping  connector  is 
that  of  Henning,  1884,  shown  by  Fig.  456a.  It  consists  of  a 
large  divided  circle,  C,  10  in,  diam.,  having  a  hub,  H,  i  in. 
diam.,  mounted  on  a  fram,e  A,  clamped  to  a  telescopic  rod 
(not  shown),  one  end  of  which  is  attached  to  the  test-piece  at 
the  gauge-mark  by  a  centre-punch  held  in  place  by  a  spring- 
clamp.  The  other  end  of  the  rod  slides  in  a  post,  Z>,  secured 
to  the  other  gauge-mark,  held  in  place  in  a  similar  manner  by 
punch  at  G  and  a  clamp.  A  thin  steel  tape,  T,  is  wrapped 
*around  the  small  hub  //,  its  free  end  being  clamped  to  the  post 
D,  As  the  material  under  test  changes  its  length  the  rod 
slides  in  the  post,  and  the  circle  at  the  same  time  revolves 
above  a  vernier,  Vj  being  actuated  either  by  the  tension  of  the 
tape  or  by  a  spring  in  the  spring-case  if  the  tension  is  released. 
The  vernier-readings  can  be  calibrated  by  a  micrometer 
mounted  on  the  post  at  S, 

It  will  be  noticed  that  this  instrument  measures  deforma- 
tions on  one  side  of  test-pieces  only ;  that  the  tape  is  some 
distance  above  the  surface  of  the  material ;  and  that  it  has 
some  other  minor  sources  of  errors.*  As  it  is  generally  used 
on  long  members,  bridge  members,  eyebars,  struts  and  col- 
umns, these  errors  are  of  minor  importance,  and  can  be  elimi- 
nated by  corrective  tables  deduced  by  calibration  of  each  fin- 
ished instrument.  It  has  been  found  very  handy  and  has 
given  uniformly  good  results.  The  instrument  reads  to  •nrJ^TTU 
in.   (Added  by  G.  C.  Hg.). 

680.  The  very  old  method  of  measuring  by  friction 
rollers  with  a  multiplying  indicating-lever  {77  and  677),  which 
has  been  made  prominent  by  Baiischinger,  deserves  much 
greater  attention,  because  of   its  simplicity  and  certainty  of 

*  See  (Z  44*  1886). 
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measurements,  than  has  been  generally  bestowed  upon  it  by 
professional  men.  Changes  of  length  between  two  points  can 
be  readily  made  to  o.oi  mm  estimation  (=0.00039  in.).  It 
is  in  fact  possible  to  make  finer  measurements  if  gauge-lengths 
are  determined  accurately,  measuring  on  several  elements  if 
possible,  and  using  smaller  rollers. 

A  method  of  such  demarcation  of  gauge-length  in  crushing 
or  thrust-test  is  shown  by  Fig.  457.  The  supports  2  and  3  for 
knife-edge  and  roller  bear  in  the  gauge-marks  /,  by  means  of 
fine  knife-edges  at  one  end,  the  other  having  rollers  bearing  on 
the  test-piece ;  this  insures  that  the  supports  follow  the  rela- 
tive motion  of  gauge-marks  accurately,  converting  it  by 
means  of  bar  4  into  rotary  motion  of  roller  3  carrying  indicator 
5.  I  have  had  similar  supports  made  for  the  500-ton  H  oppe 
machine  (5p^-5p7),  which,  serving  as  supports  for  rollers  and 
scales,  may  also  carry  apparatus,  as  shown  by  Fig.  458.  In 
these  I  have  used  rollers  of  2  mm  (  =  0.078  in.)  diam.,  and 
provided  such  scales  that  o.oi  mm  (  =  0.00039  ^"0  ^^^  ^^ 
read  by  two  opposite  verniers.  Double  vernier  readings  elimi- 
nate eccentricity  of  scales. 

681.  In  the  apparatus  thus  far  discussed  the  axis  of  roller 
was  always  pivoted  or  supported  in  journals.  Extensometers, 
as  shown  in  Fig.  459,  have,  however,  been  constructed  in 
which  the  roller  i  is  freely  supported  between  two  springs  2 
and  3,  by  friction  alone.  In  this  mannfer  exceedingly  delicate, 
although  crude,  measuring-instruments  may  be  constructed  by 
use  of  a  piece  of  fine  steel  wireandagrass  haulm 
(stalk).  A  wire  of  0.5  mm.  diam.  and  an  indicator  500  mm 
(20  in.)  length  give  a  multiplication  of  1000.  Such  crude 
means  are  very  useful  occasionally.  Stromeyer*s  exten- 
someter  is  based  on  the  principle  shown  by  Fig.  459 ;  he  occa- 
sionally used  wires  of  0.1  mm  (=  0.0039  in.)  diam.  as  rollers. 
In  apparatus  having  free  rollers,  as  in  Fig.  459,  but  one 
half    of   the    relative    displacement    of    gauge- 
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marks  is  magnified,  and  this  fact  should  not  be  over- 
looked. 

.  682.  If  the  connecting-springs,  as  2  and  3  in  Fig.  459,  are 
iirmly  connected  to  rollers  by  metal  bands  or  strings  {6^6^  Fig. 
452),  a  very  reliable  apparatus  is  obtained.  It  is,  however, 
possible  to  use  nothing  but  rollers  and  strings,  the  rollers  run- 
ning freely  without  gudgeons  or  pivots,  as  shown  diagram mati- 
-cally  by  Fig.  460.  The  roller  is  revolved  by  the  pair  of  strings 
2  and  3  very  reliably,  and  held  in  its  position,  the  stress  in  the 
strings  being  produced  by  the  spiral  springs  shown  at  either 
end  attached  to  sheaves  8  and  9.  The  only  cause  of  motion 
of  roller  i  is  the  relative  displacement  of  pegs  6  and  7.  For 
accurate  results  two  instruments  should  of  course  be  used.  It 
is  probable  that  instruments  constructed  on  this  scheme  will 
easily  give  useful  results  for  practical  purposes  if  other  means 
are  not  available.  From  the  experience  obtained  while  using  a 
stress-indicator  on  a  Pohlmeyer  machine  I  expect  even 
very  reliable  results  from  a  strain-indicator,  as  shown  by  Fig. 
460,  although  it  cannot  be  denied  that  the  attachment  of  the 
reading-scale  offers  some  difficulty ;  this  is,  however,  not  in- 
surmountable. It  is  possible  to  attach  a  thin,  graduated  alu- 
minum disk  loosely  to  a  pin  turned  on  the  end  of  i,  and  then 
to  merely  guard  against  accidental  displacement  of  scale 
during  test,  even  when  it  travels  with  the  roller  in  the  direc- 
tion of  its  motion.  The  graduated  disk  may  also  be  attached 
rigidly  to  the  roller  i,  using  a  cross-hair  mounted  across  the 
disk  and  parallel  to  the  strings  2  and  3,  instead  of  an  indicator. 
If  readings  can  be  made  photographically,  it  would  require 
neither  reading  nor  scale,  as  it  is  possible  to  obtain  consecutive 
pictures  by  the  use  of  rigidly  mounted  apparatus,  and  com- 
paring them  directly,  at  any  time. 

683.  The  Buz  by  extensometer  shown  by  Fig.  461  is 
based  on  the  principle  shown  by  Fig.  459.  In  it  the  graduated 
disk  is  rigidly  connected  to  the  roller  i,  while  a  cross-hair  is 
mounted  across  a  small  mirror  and  the  graduations  parallel  to 
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the  axis  of  the  test-piece  to  facilitate  readings.  The  cross-hair 
is  made  to  coincide  with  its  image  in  the  mirror,  and  thus  ob. 
tains  readings  without  parallax.  The  smallest  readings  ,are 
said  to  be  -njVir  ^"*  (—  0-025) ;  tenths  might  be  estimated.  The 
instrument  measures  on  one  element  only,  and  cannot  at  all  be 
used  on  opposite  elements,  except  if  two  observers  be  avail- 
able. The  disk  loads  the  roller  quite  heavily  and  unilaterally* 
When  used  in  vertical  machines  there  is  the  objection  that 
friction  alone  holds  the  roller  in  position.  Vibrations  reduce 
friction,  and  therefore  variations  of  position  are  not  provided 
for,  and  may  easily  produce  rotary  motion,  thus  affecting  the 
results.  It  is  very  probable,  from  the  foregoing  reasons,  that 
repeated  variation  of  stress  between  two  limits  will  constantly 
produce  differences  of  readings,  indicating  that  the  transmis- 
sion of  motion  is  not  reliable  because  of  the  effect  of  the 
weight  of  the  roller  and  disk.  It  will  hardly  be  possible  to  at- 
tach the  clamping-frames  with  such  accuracy  that  the  two 
springs  hold  the  roller  between  them  with  certainty ;  as  a  rule 
they  will  bear  as  shown  by  Fig.  462.  It  is  attempted  to  avoid 
this  difficulty,  as  in  the  following  instrument,  by  placing  alt 
movable  parts  and  the  springs  in  a  frame,  but  this  produces 
constraint  and  friction,  which  must  exert  indeterminate  effect 
on  results  of  measurements. 

684.  Riehl^  Bros.,  Philadelphia,  also  construct  the 
extensometer  shown  by  Fig.  463,  based  on  the  principle  of  the 
B  u  z  b  y  instrument.  In  this  the  fundamental  principle  of 
measuring  extensions  on  opposite  elements  of  the  material  is 
at  least  provided  for.  The  instrument  shown  to  me  at  the 
World's  Fair  in  Chicago  was  very  neatly  constructed  of  alumi- 
num. One  roller  of  the  instrument  carries  the  graduated  arc 
(instead  of  a  disk),  and  the  other  the  indicator,  in  shape  of  a 
vernier.*     Two  such  arcs  and  verniers  are  used  on  the  instru- 


*  The  instruments  shown  by  Figs.  461  and  463  have  given  so  little  satis- 
faction that  they  are  no  longer  made,  confirming  Prof.  Martens*  opinioa 
completely. — G.  C.  Hg. 
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TTient,  the  two  arcs  mounted  on  one  roller  and  the  verniers  on  the 
other.  The  springs  are  so  placed  as  to  cause  the  rollers  to  re- 
volve  in  opposite  directions.  Aside  from  the  errors  caused  by 
the  pressure  of  the  springs,  as  in  the  Buz  by,  and  aside  from 
the  existing  considerable  lateral  loading  of  roller,  there  is  the 
further  disturbing  circumstance  that  the  two  axes  of  rotation^ 
although  lying  at  the  middle  point  of  /,  gauge-length,  and  hence 
should  not  change  their  relative  position,  are  hardly  ever  found 
in  one  line  initially,  or  remain  so  during  test.  Eccentricity  of 
graduated  arcs  and  verniers,  as  shown  in  sketch  Fig.  464  on  an 
exaggerated  scale,  will  therefore  invariably  exist.  If  it  is  small, 
it  will  be  unimportant ;  it  will  be  eliminated  by  the  double 
reading.  Instead  of  reading  b'b\^  bb^  will  be  read  at  beginning 
of  eccentricity.  In  this  the  assumption  is  made,  though  rarely 
ever  fulfilled,  that  there  is  no  eccentricity  of  the  two  grad- 
uated arcs  and  of  the  verniers  themselves  with  relation  to  their 
axes.  As  the  arcs  and  verniers  must  be  moved  in  their  bear- 
ings when  adjusting  to  differently  dimensioned  test-pieces,  the 
eccentricity  of  the  arcs  must  vary  in  different  tests.  This  is  at 
least  a  very  undesirable  condition,  which  affects  the  measure- 
ments in  an  indeterminate  manner.  An  error  due  to  great 
eccentricity  is  caused  by  obliquity  of  divisions  of  vernier  to 
those  of  scale,  thereby  affecting  the  reliability  of  readings, 
or  by  separation  of  vernier  and  scale,  as  the  readings  are  made 
at  the  surfaces  in  contact.  The  instrument  is  divided  into 
-p^  in.,  and  permits  readings  of  i^l^^  in.  by  the  verniers 
(=0.0025  mm).  The  readings  require  two  observers,  or  that 
one  observer  travel  around  the  machine  for  each  reading. 

.  b.  Extensometers  with  Micrometer-screws. 

685.  In  spite  of  the  inconveniences,  repeatedly  empha- 
sized (<?o,  6jj-6jp),  connected  with  the  use  of  micrometers  for 
determining  deformations  in  tests  of  materials,  they  still  enjoy 
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widely  extended  use.  They  even  seem  to  be  preferred  in  some 
countries,  as  the  following  sections  will  show.* 

It  must  be  again  emphasized  that  the  considerations  dis- 
cussed in  {6sj-^S9)  should  be  carefully  observed  if  reliable 
results  are  to  be  obtained  by  means  of  micrometers. 

686.  Riehl^  Bros,  construct  the  extensometer  shown  by 
F*&-  465.  It  consists  of  two  stout  metal  rings  secured  to  the 
center-punch  marks  on  the  test-piece  by  means  of  pointed 
screws.  They  are  maintained  in  a  position  normal  to  the  test- 
piece  by  two  pairs  of  springs  bearing  against  the  latter ;  the 
distances  between  the  planes  of  these  rings  are  determined  by 
means  of  micrometer  end  gauges  after  each  application  of 
load.  Hence  but  one  micrometer,  shifted  from  side  to  side,  is 
used.  This  causes  the  end  gauge  to  extend  under  thermic 
changes,  which  amount  to  /./?=  8.  124.  io~'  =  o.oooi  in.  for 
each  degree  C.  on  an  8-in.  gauge-length.  If  the  micrometer 
reads  to  o.ooi  and  permits  estimations  of  0.0001  in.,  then  i®  C, 
difference  of  temperature  vitiates  the  estimated  values. 
Sources  of  error  besides  the  error  of  screw  are  the  omission  of 
spring-cushions  on  the  clamping-screws  (early  loosening),  and 
the  fact  that  the  points  of  contact  do  not  lie  in  the  planes  of 
the  screws.  The  possible  error  due  to  the  latter  cause  may  be 
neglected  because  of   its  small   value,   especially  as  material 

*  The  preference  of  micrometers  in  the  United  States  is  due  to  the  fol- 
lowing facts.  There  were  no  inst^ruments  of  precision  in  use  in  the  United 
States  for  testing  materials  prior  to  1884  except  the  Thurston  micrometer 
and  the  Paine  extensometer  {67 j).  The  former  was  clumsy,  difficult  to 
adjust  and  inaccurate,  and  the  latter  was  unreliable  and  had  a  very  short 
range  of  unilateral  readings,  and  hence  a  limited  application.  But  when  I 
constructed  my  double  electric-contact  micrometer,  in  1884,  and  designed  it 
so  as  to  have  a  wide  range  of  measurements  and  ready  applicability  to  all 
ordinary  sizes  and  shapes,  it  at  once  came  into  general  use,  being  the  only 
convenient  available  measuring-instrument.  As  my  first  double  electric- 
contact  micrometers  were  built  by  the  Brown  &  Sharpe  Co.,  Providence, 
R.  I.,  they  were  mechanically  very  satisfactory.  This  caused  their  rapid 
general  introduction,  which  was  immediately  followed  by  the  production  of 
many  slightly  modified  forms,  the  first  of  which  was  designed  by  C.  A. 
Marshall  after  he  had  seen  and  used  mine. — G.  C.  Hg. 
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motion  of  the  rings  about  their  meridional  plane  in  which 
measurements  are  made  is  precluded.  The  instrument  cannot 
be  called  convenient,  and  it  is  deficient  for  accurate  measure- 
ments. 

687.  Three  other  very  similar  instruments  are  used  in 
the  United  States,  which  are  successive  modifications  in  the 
order  named.  Figs.  466  and  467  show  the  H  e  n  n  i  n  g 
micrometer,  Fig.  468  the  Marshall,  and  Fig.  469  the 
Yale.  The  Henning  is  made  by  Tinius  Olsen  & 
Co.,  the  others  by  Riehl^  Bros.  The  Henning  was 
designed  in  1883  and  built  in  1884.* 

The  electric  contact  is  common  to  all,  and  was  first  used  in 
tests  of  materials  by  Prof.  R.  H.  Thurston,  in  1875,  ^"  ^  very 
crudely  designed  instrument  which  was  unsuitable.  There 
are  differences  in  detail,  especially  in  the  attaching- 
devices.  All  have  clamping-frames  with  pointed  screws  with- 
out spring-cushions.f  The  instruments  of  Henning  and  of 
Marshall  have,  however,  spring-cushions  to  steady  the 
frames  normally  to  the  axis  of  bar.  In  the  Y  a  1  e  a  bar  of 
rectangular  section,  to  the  left  of  the  test-piece  in  Fig.  469, 
is  supposed  to  maintain  the  frames  in  parallelism  and  at  the 
same  time  adjust  the  instrument  to  the  gauge-length  and  in 
position.  In  the  Henning  two  hinged  bars  adjust  the  frames 
to  gauge-length,  which  are  removed  after  adjustment ;  both 
frames  are  openable  for  attaching.  The  others  have  open 
frames  and  are  merely  placed  about  the  test-piece.  Hen- 
ning makes  contact  at  the  median  plane,  while  the  others 
make  it  nearer  the  plane  of  the  lower  frames. 

The  sources  of  errors,  besides  those  of  the  screw  previously 
mentioned,  lie  in  the  circumstance  that,  even  in  those  instru- 

*  While  designings  this  micrometer  I  discussed  its  original  detail  with 
C.  A.  Marshall,  who  was  then  Engineer  of  Tests  of  the  Cambria  Iron  Co., 
Johnstown,  Pa.  As  the  instruments  which  I  had  built  did  not  meet  with  his 
approval,  he  set  to  work  to  design  a  modification  thereof,  which  was  con- 
structed two  years  later,  in  1886. — G.  C.  Hg. 

f  The  latest  Henning  micrometer  has  spring-cushioned  clamping-points* 
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ments  provided  with  steady ing-devices,  there  must  be  shifting 
of  the  micrometer-points  across  the  face  of  the  contact-plug,  and 
because  of  eccentricity  of  point,  play  of  screw  in  the  nut,  and 
shifting  of  axes  of  contact-plugs  relatively  to  those  of  microm- 
eter-screws. The  magnitude  of  the  former  depends  upon 
accuracy  of  workmanship,  but  the  latter  also  upon  the  proper- 
ties of  the  material  itself,  in  the  case  that  opposite  fibres  to 
which  the  apparatus  is  attached  extend  unequally.  In  this 
case  the  two  contact-planes  must  shift  relatively  to  the  contact- 
points,  and  defects  in  contact-surfaces  will  affect  measurements. 

688.  If  I  were  to  adopt  the  use  of  micrometers,  I  would 
design  them  in  a  manner  to  avoid  all  constraint, 
about  as  shown  in  Fig.  470. 

The  frame  10  is  attached  to  the  lower  gauge-marks  on  test- 
bar  I  by  means  of  two  pointed  screws  11  and  12,  the  latter  of 
which  is  spring-cushioned,  permitting  the  ring  to  rotate  on  the 
points.  The  open  frame  10  carries  the  contact-surfaces  for  the 
micrometers  4.  The  left-hand  surface  also  carries  a  guide,  16, 
for  the  spherical  end  of  4.  The  right-hand  contact-surface  13 
is  insulated  by  hard  rubber,  and  is  connected  to  the  battery. 
The  balance- weight  15  serves  to  keep  the  opposite  surfaces  in 
contact.  A  C  a  r  d  a  n  i  ring,  2  and  3,  is  attached  at  the  upper 
gauge-marks  by  means  of  pointed  screws  6  and  7,  the  latter 
being  spring-cushioned,  and  carries  the  micrometers  4  and  scales 
5.  Both  rings  forming  the  frame  are  open,  so  that  the  latter  can 
be  passed  over  the  test-piece  i ;  they  can  be  locked  relatively 
to  each  other  by  the  screw  9,  to  insure  uniform  initial  adjustment. 
This  is  done  after  setting  both  micrometers  4  to  o ;  the  screw  9 
is  then  tightened,  and  separator  17  is  placed  between  end  of 
screw  and  the  spring-case,  being  of  such  length  that  the  point 
of  7  is  withdrawn  from  the  centre  a  distance  equal  to  about 
one  half  diameter  of  test-piece ;  screw  6  is  run  back  a  similar 
distance.  The  upper  part  of  the  instrument  may  then  be  placed 
around  the  test-piece  as  a  unit,  so  that  the  spherical  ends  of  4 
stand  on  the  contact-surfaces  on  frame  10.  The  upper  frame  is 
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then  centred  by  the  eye,  and  screw  6  advanced  until  its  point 
and  that  of  7  bear  against  the  test-piece  ;  their  points  of  con- 
tact may  be  enlarged  by  centre-punches.  Hence  the  apparatus 
•directly  defines  the  end  marks  of  gauge-length  /^  After  screw 
^  has  been  tightened  sufficiently  to  cause  17  to  drop  out  and 
the  instrument  is  connected  with  bell  and  battery,  it  is  ready 
for  use.  I  prefer  the  galvanoscope  with  a  needle  striking  a 
cork  at  the  zero  position  to  the  annoying  bell.  During  test 
within  the  yield-point  the  left-hand  micrometer  may  be  set 
roughly  to  approximately  one  half  the  elastic  extension.  This 
will  cause  the  lower  ring  10  to  swing  about  points  11  and  12, 
and  accurate  adjustments  are  then  made  by  one  screw  alone. 
The  sum  of  both  readings  is  noted.  As  the  axis  of  revolution  of 
10  lies  approximately  in  the  plane  of  contacts,  the  adjustment 
of  ring  10  does  not  aifect  the  readings  materially,  and  it  is  only 
necessary  to  see  to  it  that  the  readings  of  both  micrometers 
remain  approximately  alike.  The  position  of  the  upper 
Cardani  ring  is  accurately  regulated  by  the  guide  16,  which  is 
constructed  in  such  manner  that  it  cannot  constrain  the  instru- 
ment even  when  opposite  fibres  do  not  elongate  equally.  Errors 
of  gauge-length  /^  are  given  directly  by  the  initial  reading ; 
they  may  generally  be  disregarded  or  else  easily  allowed  for. 
There  are  sources  of  errors  in  the  action  of  the  points  of  the 
attaching  screws,  but  they  can  hardly  amount  to  much,  because 
they  are  under  constant  load,  acting  in  the  same  direction. 

689.  U  n  w  i  n  has  designed  a  very  pretty  type  of  microm- 
cter-extensometer  (Z  -?^o,  p.  208),  in  which  the  errors  of  the 
American  instruments  are  entirely  avoided,  but  the  work  of 
measuring  is  made  more  difficult,  as  two  levels  and  one 
micrometer  must  be  read.  The  apparatus  is  based  on  the 
principles  of  Fig.  471.  Levers  4  and  5  are  attached  by  pointed 
screws  2  and  3  to  the  gauge-marks.  The  levers  4  and  5  carry 
the  sensitive  levels  6  and  7,  and  are  separated  by  a  micrometer 
9  whose  axis  lies  in  the  meridian  plane  of  the  test-piece  and 
normal  to  the  planes  passing  through  gauge-marks  2-2  and  3-3, 
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the  lever  5  being  braced  against  the  test-piece  i  by  screw  8,  so 
that  the  level  7  may  be  adjusted  to  zero.  If  the  level  6  be 
brought  to  zero  at  the  same  time  by  the  micrometer  9,  the 
reading  will  be  that  of  length  of  /,  (gauge-length)  of  the  bar 
between  the  lines  passing  through  2-2  and  3-3  at  the  axis  of 
bar.  It  must  be  presupposed  that  the  axis  of  the  micrometer  al- 
ways remains  parallel  to  that  of  the  bar  as  shown  at  A,  Fig. 
472.  If  the  micrometer-rod  be  rigidly  connected  with  lever 
5  as  drawn  by  U  n  w  i  n  (at  R.A.,  as  shown  by  dotted  line  at  B^ 
Fig.  472),  the  micrometer  will  of  course  measure  the  vertical 
distance  between  the  two  horizontal  planes  and  their  dis- 
placements, but  these  dimensions  are  identical  with  /«  and  its 
changes  only  when  /^  remains  vertical.  If  otherwise,  the 
micrometer-readings  would  have  the  further  error  due  to  shift- 
ing of  point  of  contact.  These  must  also  occur  when  using  a 
rigid  connection,  when  line  2-2,  Fig.  471,  is  bent  during  test.. 
Although  the  sources  of  errors  mentioned  are  not  large,  it 
seems  to  me  to  be  more  correct  to  provide  ball  joints  at  both 
ends  of  the  micrometer-rod  to  allow  constant  adjustment  to 
angular  motions  of  I,,  and  maintain  parallelism,  as  indicated  by 
full  lines  in  Fig.  472,  B.  With  such  construction  provision 
should  of  course  be  made  to  prevent  the  rods  9  from  turning 
during  observations.  At  any  rate  the  U  n  w  i  n  micrometer 
may  be  somewhat  inconvenient  for  practical  use. 

c.  Mirror  Apparatus. 

690.  Bauschinger  may  no  doubt  be  designated  as 
the  one  who  by  his  progressive  work  established  a  well- 
merited  reputation  of  the  mirror  apparatus  for  use  in  testing 
materials.  By  mirror  apparatus  convenience  and  minuteness 
of  measurements  have  been  brought  to  a  state  which  has  in  no 
sense  been  obtainable  by  any  of  the  instruments  previously 
described.  At  the  same  time,  by  skilful  use  and  careful 
determination  of  constants,  great  accuracy  of  measurements^ 
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quite  unattainable  by  the  instruments  previously  described, 
may  be  reached. 

691.  Having  already  given  a  general  description  and  the 
theory  of  Bauschinger's  mirror  apparatus  {81—86  and 
po-p8)y  it  will  suffice  to  specially  discuss  the  details  of  con- 
struction and  to  further  dwell  upon  those  errors  caused  by  the 
instrument  itself  (the  reader  should  refer  to  the  sections 
named). 

a.  The  first  apparatus  was  designed  by  Bauschinger 
in  1873  and  constructed  by  his  assistant,  the  mechanic  C. 
K 1  e  b  e,  in  Munich,  who  still  constructs  and  furnishes  the 
instruments.  I  merely  desire  to  refer  to  the  instructive  devel- 
opment of  the  apparatus  as  published  by  Bauschinger 
{L  2,  p  and  //  of  different  volumes),  for  which  I  express  my 
best  thanks  to  Mr.  K  1  e  b  e,  who  communicated  them  to  me 
by  correspondence,  but  shall  confine  myself  to  the  construc- 
tion of  the  instrument  as  finally  adopted.  It  is  shown  on  Pi. 
3,  Figs.  32-34,  3  and  18. 

Both  mirror  apparatus  to  be  used  simultaneously  are 
mounted  on  a  frame  similar  to  a  parallel  vise.  Hence 
the  two  mirrors  may  be  simultaneously  clamped  to  the  gauge- 
marks  by  means  of  knife-edges  adjacent  to  the  rollers.  As  the 
screw  in  the  frame  is  4  in.  from  the  fulcra,  it  produces  a  con- 
siderable bending-moment  in  the  mirror-brackets ;  the  axes  of 
mirrors  do  not  remain  parallel.  The  fulcra  lie  without  the 
vertical  plane  passing  through  the  clamping-screws ;  hence  the 
mirror-support  is  subject  to  a  torsional  moment.  The  clamp- 
ing-screw must  be  screwed  home  to  safely  clamp  the  appa- 
ratus, weighing  3.9  lbs.  (1790  gr),  to  the  test-piece  when 
loaded  up  to  the  yield-point.  In  order  to  insure  reliable 
clamping,  and  to  minimize  the  deformation  of  frame,  an 
auxiliary  clamping-screw  is  provided  in  the  slotted  support, 
beside  the  axis  of  roller,  in  the  instruments  used  at  the 
Charlottenburg  Testing  Laboratory.  The 
stresses  previously  mentioned,  producing  deformations  which 
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are  not  readily  determinable,  should  be  avoided  in  measuring- 
instruments  as  a  matter  of  principle,  although  the  Bausch- 
i  n  g  e  r  apparatus  has  furnished  admirable  results  in  spite  of 
these  defects.  The  axes  of  rollers  are  pivoted  as  at  i,  Fig. 
473,  the  pivots  running  in  cylindrical  holes  about  ^  in.  diam., 
the  lower  of  which  is  supported  by  a  spring,  3.  The  spring 
raises  the  spindle  and  insures  a  neat  fit  between  the 
pivots  and  the  edge  formed  by  the  conical  and  cylindrical 
holes ;  this  avoids  all  play,  and  makes  it  possible  to  apply 
notable  lateral  pressure  to  the  rollers  2  by  means  of  the 
gauge-springs  4.  To  insure  reliable  friction  between  rollers 
2  and  gauge-springs  4  the  latter  are  covered  with  the  finest 
grade  of  emery-cloth,  5. 

b.  The  rollers  2  generally  consist  of  hard  rubber.  The 
C  harl  ot  tenb  ur  g  Laboratory  has  successfully  used 
steel  rollers,  which  had  been  provided  in  Prof.  S  p  a  n  g  e  n- 
berg's  time,  to  be  able  to  use  magnetized  rollers.*  The 
rollers  of  the  mirror  apparatus  must  be  cylindrical  and  the 
surface  concentric  with  axis.  If  this  is  not  the  case,  the  radius 
r  {82)  will  vary,  as  well  as  the  multiplication,  according  to  the 
\  1  particular  position  of  roller.  It  has  been  shown  (p/)  that 
1   \     measurements  of  r  must  be  accurately  made  to  0.00007S  in. 

(ttAjt  cm)  (about  yTrhr  *"•)• 

These  measurements  are  made  on  a  Bauschinger  cali- 
brator {66p)  provided  with  special  devices  for  determining 
eccentricity.  For  this  purpose  the  roller-spindles  are  pivoted 
in  two  blocks,  precisely  as  in  the  mirror  apparatus,  but  hori- 
zontally. At  first  the  diameter  of  roller  is  measured  at 
different  points  and  in  different  directions  by  means  of  the 
indicator  when  free,  whereupon  the  latter  is  adjusted  and 
clamped  to  determine  the  eccentricity  of  roller  while  being 
revolved  about  its  axis.  The  micrometer,  Fig.  448,  was  backed 
off  during  the  former.     While  revolving   the  roller,  the  indi- 

I  -  —  II  _■  _         I __i —  - 

*  It  might  have  been  foreseen  that  magnetization  would  not  produce 
beneficial  results;  nor  were  such  obtained  (see  Table  46). 
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cator  must  move  according  to  a  definite  law  if  eccentricity 
exists,  its  amount  being  readily  determinable  from  the  scale- 
readings. 

c.  It  has  been  frequently  questioned  whether  frictional 
transmission,  as  used  by  Bauschinger,is  absolutely 
safe  {676^  Bach,  L  27^  1895,  p.  481).  These  doubts  are 
justifiable  under  certain  conditions  {683,  684).  But  in  B  a  u  - 
schinger's  apparatus  the  axes  are  vertical,  and  all  weights 
of  axis,  etc.,  are  transmitted  to  the  pivots;  hence  torsional 
moments  due  to  weight  are  minimal.  Only  impact  and  vibra- 
tions in  the  horizontal  plane,  or  necessary  very  rapid  motion  of 
mirrors,  may  produce  them.  Another  circumstance  which 
might  cause  slip  is  the  bearing  of  the  pivots  in  their  seats,  of 
^  in.  diam.  It  is  a  question,  however,  rather  as  to  whether 
the  roller  will  slip  on  the  emery-paper  when  revolving,  which 
would  manifest  itself  during  reversal  of  motion.  I  do  not 
know  whether  this  point  has  been  specially  investigated  else- 
where ;  the  Charlottenburg  Laboratory  has  ex- 
amined it  conjointly  with  the  calibration,  but  actual  systematic 
examinations  of  this  point  have  not  been  made.  Further  on 
will  be  found  a  series  of  measurements.  It  is  in  fact  shown  by 
extensive  daily  observations  with  some  degree  of  certainty  that 
such  slip  must  be  slight  under  ordinary  conditions,  and  is  not 
noticeable  in  routine  work.  The  errors  produced  by  other 
causes  (thermic  changes,  stress  in  instrument,  inaccuracy  of 
rollers,  inaccurate  adjustment  of  scale,  etc.)  seem  to  outweigh 
the  possible  errors  of  slip  very  largely. 

d.  Notable  errors  may,  however,  arise  when  the  axes  of 
mirrors  are  oblique  to  the  test-piece,  in  which  case  the 
motion  of  spring  is  no  longer  equatorial  to  the  roller.  Accord- 
ing  to  Fig.  474  the  error  will  be  i^  for  extension  X  and  roller- 
motion  X\  and  under  an   angle  a  between  the  axis  and  the 

vertical : 

V       0.99 
cos  «  =  X-  =  ,  or  a  =  8    6', 

which  is' plainly  visible  to  the  naked  eye.     For  ordinary  con- 
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ditions  and  such  obliquity  the  readings  would  have  an  error  of 
1.5  units  (iO""5  mm)  and  be  too  small. 

e.  An  error  which  is  occasionally  very  serious  is  produced 
by  excessive  deflection  of  weak  gauge-springs,  due  to 
use  of  force  in  attaching,  necessitated  by  applying  ample  pres- 
sure on  rollers  to  insure  positive  motion.  In  such  cases  the 
assistants  at  the  Charlottenburg  Laboratory  declare  to  have 
noticed  an  effect  of  4  to  5  units  with  150  units  of  readings  for 
each  increment  of  load.  This  error  is  produced  as  shown  by 
Fig.  475.  The  curved  spring  assumes  the  angle  a  to  the  direc- 
tion of  motion  (dotted  line),  and  hence  the  circumferential  dis- 
placement of  roller  will  not  be  A,  but  A'.  For  readings  of 
X  =  150  and  A'  =  155  the  angle  ct  would  be: 

cos  a  =  —J  or  a  =  14    35  . 
155 

This  shows  that  it  is  incorrect  to  make  the  gauge-springs 
flexible  and  the  clamping-frames  rigid.  The  reverse  condition 
should  be  recommended. 

y.  To  present  a  survey  of  the  magnitude  of  effect  between 
roller  and  spring  under  unfavorable  conditions,  I  shall  present 
several  series  of  tests  in  Table  46,  which  were  obtained  while 
examining  a  modified  Bauschinger  apparatus  in  1 890, 
although  slip  was  not  the  special  subject  of  investigation. 
The  examination  concerns  an  apparatus  {Bd)  with  steel  rollers 
and  magnetic  springs,  procured  by  Spangenberg.  The 
axes  of  this  apparatus  are  not  pivots  but  balls,  Fig.  476 ;  the 
lower  bearing  is  not  elastic  but  rigid,  and  the  upper  one 
is  cut  in  an  adjustable  screw.  Therefore  it  is  exceedingly 
difficult  to  adjust  the  axes  so  as  to  avoid  all  lost  motion,  and 
the  instrument  is  not . as  good  as  the  Bauschinger  type. 
The  investigation  was  made  by  exchanging  the  springs  with- 
out removing  the  roller  axes  of  the  Bauschinger  appa- 
ratus {Bd)  from  the  standard  bar  OU,  This  standard  bar  also 
had  a  Martens  mirror  apparatus  {Be)  attached  to  it,  which 
was  left  untouched,  in  order  to  thus  obtain  a  direct  comparison 


(691.)  Mirror  Apparatus.  5^7 

of  the  efiFect  of  changes  made  in  Ba,  The  results  are  tabulated 
in  Table  46  A  in  the  order  in  which  they  were  obtained. 
To  facilitate  comparison,  the  results  are  tabulated  in  B 
according  to  results  with  the  same  springs,  and  in  C  the  effect 
of  adjustment  of  scale  on  readings  is  shown.  The  values 
in  Table  C  are  plotted  in  Fig.  477. 

It  will  at  once  be  seen  from  Table  B  that  the  conditions  i 
to  5  of  apparatus  Ba  give  smaller  readings  than  those  of  appa- 
ratus Bcy  while  the  condition  6  produces  the  opposite  result. 
Fig.  477,  A  J  shows  how  the  several  groups  of  points  are  dis- 
posed about  the  line  representing  ratio  Ba/Bc=.  i.oo;  the 
circles  represent  condition  6.  Following  the  values  of  exten- 
sion of  9t.  as  shown  by  Be,  it  will  be  seen  that  there  are  varia- 
tions from  1308  to  1323  units  (cm  10  ~s),  omitting  the  last 
three  values  obtained  under  a  different  condition  of  the  appa- 
ratus. The  two  means  are,  of  1-5  =  I3i5.9and  6=  1317.0. 
The  mean  value  of  these  figures  with  relation  to  their  relative 
importance  will  be 

—^ =  1316.2  ; 

the  extremes  vary  from  this  value  by  —  8.2  =  0.625^  and  -j-  6.8 
=  0.5251^.  Under  release  of  stress  Be  invariably  showed  set 
of  1.5  or  3  units.  These  readings  can  be  due  only  to  thermal 
effects  or  to  backlash  in  the  instrument.  It  is  difficult  to  decide 
which  was  the  actual  cause,  as  it  is  a  question  of  difference  of 
coefficients  of  expansion  of  bar  i^C/'and  of  the  springs  of  ap- 
paratus Be  (which  may  be  infinitely  small)  or  of  variations  of 
thermal  differences  of  bar  OC/'and  spring  of  Be.  As  the  temper- 
ature constantly  rises  during  the  morning  in  the  laboratory, 
thermal  differences  must  change  constantly,  but  they  were 
certainly  very  slight  (in  August).  [From  (p5),  a  variation  of 
T^°  C.  will  amount  to  one  unit  of  reading.]  * 

*  In  recent  years  the  temperature  of  the  laboratory  is  noted  before  and 
after  every  test  when  making  important  measurements.  Material  thus 
collected  will  readily  permit  determination  of  influence  of  heat.  It  is 
especially  noticeable  in  winter,  when  overheated  rooms  must  be  aired. 
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Table  46.~Comparigoii  of  Mirror  Apparatus  with  Standard  Bar 

OU  hj  Sininltaneons  Readings  of  Botli  Instrnments. 

Instruments  used  tBauschinger  with  steel  rollers  =^a;  Mar- 
tens =  ^r  (V  and  VI).  Both  instruments  attached  to  same  bar. 
We  rder  machine,  error  =  about  o.5J<  ;  observers,  Rauh  and  Ting- 
berg.     Gauge-length  =  15  cm. 

A.    Bosnlts  of  Tests. 


Bar  No. 

Load/,. 

Total 
Bxtenaions. 

Remarks  to  ^«. 

Date  1890. 

Time. 

Ba 
cm  io~» 

Be 
cm  io"» 

OU 

19. /8.    I2»« 

0 

0 

10 

1282 

1323 

Springs  with  emery,  moderately  clamped* 

I 

1.5 

I2»0 

0 

0 

ID 

1294 

I317 

Other  springs  with  emery. 

7 

0 

I» 

0 

0 

10 

1294 

I3I7 

4 

1.5 

^,. 

0 

0 

151 

it 

148.5 

0 

733-5 

Magnetic    springs,    without    emery,   slip 

6. 

4 
805 

down  slowly;  moderately  clamped. 

32c 

1-5 

0 

0 

10 

1322 

1315.5 

Do;  rigidly  clamped,  avoiding  slip. 

7 

1.5 

ao./8.     9" 

10 

0 
1298 

I 

0 

1317 
5 

Springs  without  emery;  surface  polished; 

left  roller  touches  spring  at  a  point. 

9U 

0 

0 

10 

1295 

1318.5 

Do;  springs  more  carefully  adjusted. 

3 

1.5 

IO» 

T^\ 

0 

0 
1317 

1-5 
0 

Magnetized   springs  adjusted    with   little 

10 

1324 

7 

care;  short  intervals;  leaky  piston. 

IjlO 

0 

10 

1323 

1317 

4 

1.5 

II" 

0 

0 

10 

1288 

1308 

Springs  polished  at  end. 

0 

0 

I2»» 

0 

0 

< 

10 

1304 

1311 

Springs  ground  at  end. 

4 

1.5 
0 

l40 

0 

10 

1295 

'315.5 

Do,  and  magnetized. 

-  6 

1.5 

2^0 

0 

10 

1332 

Magnetic  springs. 

73 

— 
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Table  M.-^Comtinued. 


Bar  No. 

Date  1890. 

Time. 

aa./8.  io« 


10 


« 


10 


,M 


LmAL, 

Toul 
Bxtention. 

Ba 
cm  !©"• 

Be 
cm  !©"• 

0 

0 

10 

I313 
0 

1312.5 
1-5 

T 

0 

0 

10 

1312 

—    2 

1312.5 
3 

0 

0 

10 

I312 
0 

1311 
3 

Remarks  to  Ba. 


Calibrated  machine  ^P  =  —  0.5^;  springs 
as  before;  clamps  in  position  C. 


Do;  clamps  in  position  A. 


Do;  clamps  in  position  B, 


B.    ComparlBon  of  Similar  Conditions. 


Type  of  Springs  for  Apparatus  Ba. 

Bztensions  for 
AZ.  =  9/. 

PermaneDt  Set. 

Ba 
cm  io"» 

Be 

cm  io~* 

Ba 
cm  io~» 

Be 
cm  io~* 

Ba/Bc 

Springs : 

I.  With  emerv - 

1282 

1323 

I 

1.5 

0.9690 

2.  Without  emerv 

1294 
1294 

1317 
1317 

7 
4 

0 
1.5 

9825 
9825 

^.   Ends  Dolished 

1298 

1295 
1288 

1317 

I318.5 

1308 

I 

3 
0 

3 

1.5 

0 

9856 
9822 
9847 

±,  Ends  firround 

1304 

1311 

4 

1-5 

9947 

letized 

5.  Ends  ground  and  mage 

1295 

1315.5 

-6 

1.5 

9844 

Mean 

1293.8 

1315.9 

— 

— 

0.9832 

6.  Magnetic  20. /8 

•  ■  •  •  K 

1322 

1324 
1323 

1315.5 
1318.5 
1317 

7 
7 
4 

1.5 
1.5 
1.5 

1.0049 
0042 
0046 

Mean 

13230 

1317.O 

— 

— 

1.0046 

Frame  oosition  C22./8.. 

1313 
1312 

1312 

1312.5 
1312.5 
1311 

0 

—  2 
0 

1.5 

3 

3 

1.0004 
0.9996 
I .0008 

«•             •*       A      •*     

<i             II        0      <« 

• 

Mean 

1312.3 

1312.0 

— 

1.0004 

570 
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Table   46  . — Continued, 

C.    Effect  of  Adjustment  of  Lerel  on  Scale-beam  on  Readingr  Ba. 


Adjustment  of  Level. 


19. /8.    1890 

Very  low 

Accurate 

Slightly  too  high 

In  first  position 

Raised  and  accurate 

As  usual 

Raised,  slightly  too  high. . 

Piston  leaking  ;  sinking  ) 

slightly  too  low ( 


Load^. 

Exten- 
sion in 
cm  M~* 

3 
3 
3 
3 
3 

354 
356 
360 

355 
357 

10 
10 

10 

1351 
1354 

1349 

Remarks. 


f 


Greatest  difference, 
6  units. 


5  units. 


Examination  of  behavior  of  apparatus  Ba,  Table  46  B, 
while  changing  springs  under  conditions  1-5,  shows  variations 
of  —  1 1.8  =  0.91^1^  and  10.2  =  0.79^  from  the  mean  value 
1293.8.  In  spite  of  these  not  too  great  differences,  the  rela- 
tion between  apparatus  Ba  and  Be  seems  to  be  much  more 
largely  affected,  because  the  largest  and  smallest  values  are 
almost  in  contrast,  hence  giving  the  values  0.9690  and  0.9947, 
which  do  not,  however,  affect  the  average  0.9832  very  mate- 
rially. 

Although  the  types  of  springs  were  considerably  altered  in 
the  first  group  (conditions  1-5),  passing  from  the  rough 
(emery)  to  the  smooth  (highly  polished)  surfaces  of  contact, 
the  values  found  for  gt.  do  not  seem  to  follow  any  law.  Very 
probably  the  condition  of  stress  in  the  spring,  and  especially 
the  fact  of  weakness  or  stiffness  of  spring,  is  of  greater  im- 
portance than  condition  of  contact-surfaces. 

Although  the  readings  of  set  after  release  are  quite  mate- 
rial in  apparatus  Ba,  no  law  can  be  derived  from  them,  espe- 
cially as  their  number  is  insufficient.  The  results  obtained 
under  condition  6  especially  warn  against  hasty  conclusions, 
because  those  springs  which  apparently  produce  the  greatest 
effect  (the  old  magnetic  Spangenberg  springs)  sometimes 
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show  great  final  readings  and  then  again  small  ones.  Whether 
the  striking  differences  of  mutual  behavior  of  apparatus  Ba 
and  Be  in  the  first  and  last  groups  of  Table  46  B  are  due 
only  to  the  springs  cannot  be  decided  from  these  reports 
alone.  The  attention  of  the  apparatus  will  be  found  by  com- 
parison of  the  means  of  groups  under  condition  6  as  follows : 


r,    1323.0 
Apparatus  Ba  rr-rz^  =  1. 008 1 

Be  ~-^—  =  1.0038 
1312.0  ^ 


».  Average  0.6  %. 


In  the  last  group  other  radii  of  rollers  were  invariably  used  by 
pushing  the  springs  back  before  each  test,  and  then  placing  the 
frames  into  positions  A,  By  C;  the  effect  is  within  the  limits 
of  accuracy  of  readings. 

The  results  presented  will  readily  show  how  necessary  it  is 
to  calibrate  measuriiig-iiistraiiieiits  as  carefully  as  machines 
if  it  is  desired  to  obtain  results  which  may  lay  claim  to  relia- 
bility. 

^.  I  should  like  to  call  attention  to  another  point  in  the 
Bauschinger  mirror  apparatus,  not  because  it  is  of  im- 
portance in  the  latter,  but  because  of  the  principle  which 
should  be  more  closely  observed  in  construction  of  mirror  ap- 
paratus. The  Bauschinger  mirror  (Fig.  478)  is  set  in  a 
metal  frame,  and  movably  pivoted  by  6  in  the  frame  2.  The 
adjusting-screw  3  is  opposed  by  the  spring  5.  The  metal 
frame  expands  differently  from  the  glass,  and  may  produce 
curvature  of  mirror,  distortion  of  image  and  displacement,  hence 
errors  of  readings.  Mirrors  should  be  so  fixed  in  metal  frames 
that  distortion  is  impossible.*  Screw  3  and  spring  5,  howevei, 
produce  bending  moments,  and  of  two  kinds.  On  one  hand 
they    tend    to    bend   the    mirror-frame    about    its    axis    66 

*The  mirror-glass  is  very  thick  (about  3  mm)  and  probably  merely 
puttied  to  the  sides  of  the  frames,  so  that  direct  distortions,  as  above  indi- 
cated, are  actually  of  no  import  in  the  Bauschinger  apparatus ;  but  in  any 
case  such  construction  should  be  avoided. 
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(this  produces  only  scale-distortion  and  lack  of  definition  oF 
image  if  it  is  transmitted  to  the  mirror  proper).  On  the  other 
handy  as  pressure  of  both  spring  and  screw  are  in  the  same 
direction,  it  tends  to  push  the  mirror  bodily  forward  with 
relation  to  pivots  6;  this  may  produce  errors  of  readings  if  the 
mirror  undergoes  any  curvature.  [Translator's  note. 
If  the  spring  contact  and  screw  3  are  not  on  the  same  line 
normal  to  axis  66  the  mirror  may  also  become  warped. — 
G.  C.  Hg.]  For  the  above  reasons,  the  points  of  contact  of 
spring  and  screw  have  been  placed  directly  opposite  each 
other  on  face  and  back  of  mirror  on  the  medial  line,  in  my 
and  the  H  e  n  n  i  n  g  mirror  apparatus,  thus  avoiding  the  po^ 
sibility  of  distortion. 

A.  The  Bauschinger  mirror  apparatus  can  be  used  for 
gauge-lengths  down  to  2  cm  ( =  0.8  in.)  by  using  shorter 
springs  and  avoiding  the  above-mentioned  errors.  Failure  to  ob- 
serve all  the  conditions  may,  however,  lead  to  errors  of  measure- 
ments. This  is,  of  course,  much  more  important  as  gauge- 
length  becomes  less.  Special  attention  is  to  be  given  to  per- 
fect contact  of  roller  on  pressure-frame. 

If  the  spring  is  provided  with  a  straight  knife-edge  as  in  A, 
Fig.  479,  the  supporting  frame  will  cause  the  fulcra  2  to  fit 
the  surface  of  flat  bar  snugly  as  long  as  the  pressure  is  applied 
at  a  point  near  the  centre  line  of  spring  as  indicated  by  the 
arrow  4.  In  this  case  the  end  of  spring  will  not  bear  uniformly 
against  the  roller  3,  in  case  its  axis  shifts  from  its  correct  posi* 
tion,  without  producing  torsional  stress  in  the  springs;  par- 
allelism of  roller  axis  and  of  knife-edge  is,  however,  accidental. 
The  roller  would  have  a  safe  bearing  if  the  knife-edge  were 
replaced  by  a  point  as  in  B.  In  this  case  the  supporting  frame, 
bearing  at  one  point  causes  tilting  of  the  spring,  and  intro- 
duces still  more  questionable  uncertainties.  The  Same  would 
be  true  of  a  knife-edge  bearing  on  a  round  bar,  unless  the 
method  in  D  be  adopted,  by  supporting  at  two  points  (two 
arrows  4),  and  preventing  tilting.      Case  B  might  be  arranged 
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similarly  (see  E)^  but  this  would  again  produce  condition  A. 
Naturally  this  is  the  case  in  Z^as  well,  as  the  line  of  contact  of 
the  bearing-points  of  the  frame  would  have  to  be  parallel  to 
axis  of  rollers.  The  bearing  of  one  body  on  two 
surfaces  of  other  bodies  each  at  two  points  is 
possiblein  but  few  instances,  while  bearing 
at  two  points  on  one  body,  and  at  a  single 
point  on  the  other,  is  possible  in  a  great 
many  cases.  For  this  reason  the  spring  of  the  Bau- 
s  c  h  i  n  g  e  r  apparatus  should  be  constructed  as  in  C,  Fig.  479. 
This  will  insure  bearing  at  two  points  on  round  (F)  as  well  as 
on  flat  bars,  and  at  one  point  of  the  roller,  as  shown  by  the 
dotted  sections  of  test-pieces.  Careful  use  and  maintenance 
of  apparatus  would  in  this  case  also  insure  positive  transmis- 
sion of  motion  to  the  roller.  If  the  matter  is  to  be  more  com- 
plicated, the  springs  might  be  provided  with  surfaces  adjusting 
themselves  automatically  to  the  rollers,  again  avoiding  un- 
necessary support,  previously  described  ;  but  the  increasing 
movable  parts  in  measuring-apparatus  always  require  very 
careful  study. 

692.  The  Martens  mirror  apparatus  was  designed  in 
1884,  necessitated  by  using  the  Gauss'  method  on  a  vertical 
50-ton  Martens  machine,  while  Bauschinger  had  per- 
fected the  method  of  measurements  for  a  horizontal  W  e  r  de r 
machine.  It  was  at  the  same  time  my  object  to  construct  as 
light  an  instrument  as  possible,  having  equal  applicability  with 
the  Bauschinger  form.  My  mirror  apparatus,  as  well  as 
other  instruments  originated  in  the  Charlottenburg 
Laboratory,  are  constructed  with  admirable  perfection  by 
the  Laboratory  mechanic  E.  Bo  eh  me. 

693.  The  earliest  form  of  my  mirror  apparatus  is  described 
in  {L  162) ;  it  is  shown  by  Fig.  480.  I  merely  refer  to  it,  as  it 
will  be  readily  understood  from  the  following  description  of  the 
latest  type,  and  merely  wish  to  remark  that  I  at  first  thought 
to  materially  facilitate  its  application,  by  rigidly  connecting  the 
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gauge-springs  2  by  an  elastic  frame  4.  Later  experience 
developed  the  fact  that  it  is  much  more  practical  to  leave  the 
several  parts  disconnected  on  principle,  to  insure  absolute  free- 
dom from  constraint. 

694.  The  latest  type  of  the  Martens  mirror  apparatus 
is  shown  by  Fig.  481  {L  25 jf.^  ^55\  This  apparatus  weighs 
^  about  4i  to  4i  oz.  (120-130  gr);  all  data  relating  to  support 
and  clamping  of  gauge-springs  obtained  during  many  years  of 
practical  experience  have  been  embodied  in  this  instrument,, 
eliminating  the  error  of  initial  adjustment  as  far  as  possible  in 
accordance  with  discussion  in  (<?p,  d)^  so  that  the  error  due  to 
the  difference  between  theory  and  approximate  calculation  (<Pp) 
can  be  very  readily  corrected  by  tables,  if  this  be  considered 
necessary. 

a.  The  bearing  knife-edges  no  longer  have  an  interrupted 
edge  (Fig.  480,  A) ;  they  have  straight  parallel  edges,  and  can 
be  more  readily  measured  by  the  Bauschinger  calibrator, 
using  a  special  calibrating  device  designed  by  myself,  and  by 
aZeiss  screw- micrometer  with  object-table,. 
In  future  the  Zeiss  spherometer  will  also  be  modified  for 
such  calibration.  The  mirror-frames  10  and  17  revolve  readily 
on  cylindrical  spindles,  secured  against  lateral  displacement  by 
a  small  set-screw  engaging  a  fine  groove ;  they  are  so  well 
finished  that  it  suffices  to  apply  a  thick  lubricant  (wax)  to  the 
spindles  to  prevent  the  frames  from  turning,  as  they  are  other- 
wise quite  loose.  The  mirrors  are  made  of  truly  plane  parallel 
surfaces  about  i  mm  {^^  in.)  thick  and  the  reflecting  surface 
lies  accurately  in  the  axis  of  revolution  of  the  knife-edges  (in 
the  edge  bearing  against  the  spring  2).  This  necessitates  the 
use  of  two  patterns  for  mirror-frames.  Therefore  the  mirrors 
are  marked  with  letters  V  and  H  (for  front  and  rear  mirror). 
The  mirrors  are  supported  by  small  pivots  on  the  elastic  arms 
10  and  17  of  the  frames  and  fitting  into  holes  drilled  into  the 
edges  of  the  mirrors.  The  adjusting-screws  11  and  18  are 
counteracted  by  the  light  springs  12  and  19  without  exerting 
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any  bending  moment  on  the  mirrors.  The  balance-weights  are 
provided  with  simple  cylindrical  pins  about  25  mm  (i  in.) 
long,  or,  still  better,  forked  pointers,  which  indicate  the  initial 
position  of  knife-edges.  This  is  done  by  setting  the  pins 
parallel,  or,  still  better,  by  adjusting  the  pointer  to  one  edge  of 
the  spring  2.  As  the  angle  ft  may  be  thus  adjusted  accurately 
to  the  fraction  of  a  degree,  the  error  as  compared  with  )5  =  o 
[Table  7,  (<Pj?,  a)']  will  be  infinitely  small;  the  residual  error  for 
/3  =  o  may,  however,  be  taken  from  a  table  (Sd),  and  corrections 
readily  applied.  Of  course  the  pointers  28  and  29  may  be  so 
placed  that  they  will  invariably  adjust  the  knife-edges  to  the 
most  favorable  initial  angle  /3  (case  II,  Sp,  a)  initially. 

The  mirror-spindles  are  drawn  as  short  as  possible  in  Fig. 
481;  they  may  of  course  be  made  of  any  length,  and  it  is  proper 
to  make  them  of  such  length  that  the  distance  between  centres 
of  mirrors  corresponds  to  the  relations  between  scales  and 
telescopes,  obviating  great  obliquity  of  mirrors  to  axes  of 
revolutions. 

d.  In  the  new  instruments  as  well,  I  have  provided  for 
contact  of  knife-edges  at  gauge-springsattwo 
points,  spring  E  (Fig.  481,  ^,  A  -^S  G  and  H),  while  at  the 
test-piece  it  bears  at  one  point.  The  grooves  in  the  forked 
spring  £  are  first  deeply  filed  as  nearly  as  possible  normal  to 
the  longitudial  axis  of  the  spring ;  their  bottoms  are  then  cut 
by  the  accurately  ground  edge  of  a  cold-chisel,  producing  per- 
fectly smooth  and  straight  bearings  for  the  mirror-fulcra,  the 
angles  of  which  are  of  course  more  considerable  than  those  of 
the  grooves  in  the  springs. 

It  will  be  seen  that  the  position  of  the  axis  of  rev- 
olution of  the  mirrors  at  the  springs  is  definitely  fixed 
with  relation  to  the  spring.  This  produces  an  error  which 
is  constant,  and  which,  if  necessary,  can  be  accurately  deter- 
mined. The  positffin  of  the  spring,  parallel  to  axis  of  test-piece, 
is,  as  a  rule,  insured  by  the  considerable  length  of  the  spring, 
and  may  be  readily  determined  by  the  eye.     It  only  becomes 
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necessary,  therefore,  to  adjust  the  mirror-axes  parallel  to  each 
other  in  a  plane  normal  to  axis  of  test-piece.  This  is  done 
in  the  round  bar  by  means  of  the  clamping- 
spring  5.  For  this  purpose  I  have  shaped  the  other  end  of 
spring  £  into  a  knife-edge  almost  forming  a  point.  Fig.  481, 
C  R-S.  The  spring  2  and  the  fulcra  therefore  bear  against 
a  round  bar  at  two  points  only  (both  mirror  apparatus  in  4 
points),  separated  by  a  distance  =  /^.  Because  of  this  support 
of  spring  and  fulcra  at  two  points  of  the  cylinder  only,  a  tilting 
about  the  connecting  line  through  the  two  points  must  natu- 
rally occur  if  it  is  not  prevented.  This  is  done  without  restraint 
by  the  clamping-spring  5.*  It  is  simply  bent  out  of  a  steel 
wire,  and  in  such  manner  that  both  ends  are  as  nearly  parallel 
as  possible.  The  ends  bear  in  grooves  on  the  bridges  3  and  4 
as  shown  in  Fig.  481,  Z  to  (9,  mounted  on  the  gauge-springs, 
see  A  and  B.  Bridge  4  has  two  triangular  grooves,  in  which 
the  cylindrical  end  5  of  clamp-spring  fits  without  constraint, 
thus  fixing  this  spring  in  a  definite  position  ;  it  may  still  re- 
volve about  the  axis  of  the  wire  until  the  other  end  of  the 
spring  drops  into  the  groove  of  bridge  3,  whereupon  the  gauge- 
spring  connected  to  it  revolves  about  the  two  points  of  support 
on  the  round  test-bar  until  the  straight  back  of  bridge  3  is  made 
to  come  in  contact  with  the  other  cylindrical  end  of  the  clamp- 
spring  5.  In  this  condition  the  whole  is  a  rigid  unit,  in  which 
all  motion  is  prevented  as  long  as  the  test-piece  does  not 
change  its  conditions  of  stress. 

Attachment  of  the  mirror  apparatus  to  a 
flat  bar  changes  the  conditions  of  support,  and  hence  the 

,  I  ■  *        - T  I 

*  B  o  e  h  m  e  substitutes  therefor  a  heavy  clamp,  Fig.  481a,  of  two 
slides.  I  and  2,  drawn  together  by  two  spiral  springs,  3,  and  separated  by 
pressure  of  the  hand  on  the  end  plates  of  the  rods  i  and  2.  The  brackets 
5  and  6  on  these  slides  carry  projections  instead  of  spring  5,  Fig.  481, 
L-0,  which  bear  in  the  grooves  of  bridges  3  and  4.  4^or  flat  bars  pivots  4 
are  advanced  and  used  as  in  Fig  481,  £,  This  clamp  works  well  and 
safely  ;  but  personally  I  prefer  the  simpler  bent  spring  consisting  of  one 
piece. 
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action  of  clamp-spring  5  must  be  different,  to  avoid  secondary 
stress  in  the  apparatus;  the  spring  should  be  provided  with 
two  points  as  in  Fig.  481,  E.  In  this  case  the  fulcrum  of  the 
apparatus  touches  the  test-piece  on  a  line.  (It  would  be  best  to 
make  the  edge  of  fulcrum  slightly  concave  to  and  insure  contact 
at  two  points.)  In  this  case  there  is  support  at  the  test-bar  in  3 
points,  and  tilting  is  entirely  avoided  as  long  as  the  clamp-spring 
bears  within  the  area  bounded  by  lines  drawn  through  the  three 
supports.  It  is  well  to  place  the  centre  of  pressure  somewhat 
beyond  the  centre  of  the  triangular  area,  toward  the  fixed  point 
of  spring  2.  Each  spring  has  one  conical  hole  at  this  end.  The 
points  of  clamp-spring  5  enter  these  holes.     (See  Fig.  481,  ^ 

• 

and  E^  In  this  case  a  iixed  unit  is  built  up,  which  will  move 
only  when  variations  of  stress  are  produced  in  the  flat  bar. 

While  the  mirror-axes  place  themselves  in  parallel  positions 
automatically,  when  attaching  the  apparatus  to  a  round  bar, 
provided  the  clamping-springs  have  once  been  properly  bent, 
the  position  of  the  axes  in  case  of  a  flat  bar  depends  upon  the 
conditions  of  the  surface ;  if  these  be  parallel,  the  axes  will 
stand  parallel. 

c.  Mirror  apparatus  are  readily  and  quickly 
attached.  The  points  of  the  gauge-springs  2  are  placed  in 
the  upper  gauge-marks,  and  the  clamp-spring  5  is  then  made 
to  straddle  them.  Then  one  spring  is  drawn  back  by  means  of 
the  knob  provided  at  its  lower  end,  and  the  mirror-fulcrum  is 
placed  between  the  spring  and  the  test-piece,  having  care  that 
the  indicator  28  or  29  coincides  with  the  edge  of  spring.  The 
same  is  done  on  the  other  side;  the  apparatus  will  be  attached 
correctly  to  the  gauge-length  Ig  on  the  test-piece,  as  the 
gauge-springs  are  of  proper  length  to  insure  this.  Their 
length  may  be  made  to  suit  any  purpose,  so  that  the  springs 
provided  with  the  apparatus  adapt  it  to  a  great  variety  of  pur- 
poses. The  two  knobs  on  the  gauge-springs  2  have  the 
purpose  of  preventing  heating  of  the  apparatus  by  the  hands 
during  adjustment. 
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In  the  old  apparatus  it  was  necessary  to  provide  gauge- 
marks  on  the  test-piecesy  and  then  insert  the  fulcra  in  these 
marks,  if  the  gauge-length  was  to  be  used  with  some  relia- 
bility; this  is  avoided  in  the  newapparatus.  With 
the  latter  gauge-marks  are  entirely  unnecessary,  but  it  is  always 
advisable  to  provide  marks  for  the  upper  ends  of  springs  ;  a  t 
their  lower  ends  gauge -marks  should  not  be 
provided  for  the  new  apparatus,  if  the  reliability 
of  observations  is  not  to  be  disturbed.  The  mobility  of 
mirror-fulcra  in  gauge-marks  is  always  accompanied  by  acci- 
dental conditions,  depending  upon  shape  and  character  of  the 
gauge-lines,  and  upon  the  accidental  relative  position  of  fulcra 
and  of  these  lines. 

d.  After  the  apparatus  is  attached  and  the  two  telescopes 
are  mounted  on  a  firm  tripod  at  an  approximately  correct 
distance,  and  in  a  position  normal  to  the  axes  of  the  mirrors 
and  in  front  of  them,  the  scale-distances  A  {88y  Fig.  46)  from 
axes  of  mirrors  are  to  be  adjusted.  This  is  most  readily  done 
by  means  of  light  wooden  rods,  cut  ^about  \-\\  in.  less  than 
distance  A^  and  provided  with  thin  cardboard  to  make  up  the 
exact  length  =  A.  This  rod  is  butted  horizontally  against  the 
scales  mounted  vertically,  Fig.  482,  moving  the  latter  forward 
or  back  until  the  cardboard  just  reaches  to  the  reflecting  surface 
of  mirrors,  or  to  their  outer  surface  if  the  card  has  been 
shortened  to  make  allowance  for  the  thickness  of  the  glass. 

The  objectives  are  to  be  adjusted  to  the  cross-hairs,  and 
these  are  to  be  focussed  on  the  centres  of  mirrors.  Then  the 
mirrors  are  adjusted  about  their  vertical  axis  by  an  assistant 
(by  screws  11  and  18,  Fig.  481),  until  the  proper  scale  is  seen 
to  be  reflected  in  the  mirror  above  the  telescope..  Then  the 
telescope  is  focussed  on  the  reflected  scale,  and  the  mirror 
revolved  until  the  vertical  cross-hair  coincides  with  the  centre 
of  scale.  The  scale-reading  is  then  stated  to  the  assistant, 
who  turns  the  mirror  about  its  supporting  axis,  finally  by  very 
light   tapping,    until  the   desired    initial   reading   is   made  to 
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almost  agree  with  the  horizontal  cross-hair.  The  final  adjust- 
ments of  cross-hairs  are  made  by  the  fine  adjustments  of  the 
telescopes. 

The  whole  work^ — gripping  of  test-piece,  attaching  mir- 
rors, adjustment  of  mirrors  and  of  telescopes,  up  to  begin- 
ning of  test — takes  two  skilled  operators  not  more  than  four  to 
six  minutes. 

What  has  here  been  stated  about  the  application  of  my 
apparatus  also  applies  to  the  Bauschinger  apparatus,  with 
due  regard  to  special  conditions. 

695.  The  mirror  apparatus  just  described  have  given 
admirable  satisfaction  at  the  Charlottenburg  Labora- 
tory during  the  last  fourteen  years,  and  at  numerous  other 
places.  They  have  been  used  for  most  various  purposes,  and 
modified  accordingly,  as  I  have  previously  stated  (/<?/,  Fig.  128; 
206,  Fig.  153;  joo,  Fig.  206).  I  wish  to  present  a  few  other 
characteristic  forms,  because  the  limits  of  applicability  of 
mirror-readings  will  be  readily  appreciated  thereby. 

696.  Fig.  383  shows  the  arrangement  of  mirror  apparatus 
which  I  have  designed  for  the  large  500-ton  machine  of  the 
Charlottenburg  Laboratory  (Hoppe  machine,  PL 
10).  This  apparatus  (for  very  great  gauge-lengths  Ig  up  to  several 
meters)  is  provided  with  gauge-springs  in  shape  of  wooden  boxes, 
composed  of  pieces  keyed  together  by  means  of  wedges,  4. 
These  tubes  can  be  connected  at  one  end  to  the  mirror-support 
and  at  the  other  with  the  end  fulcrum  ;  it  is  supported  on  the 
large  standard  bar  {S95i  h  Fig.  420)  by  means  of  the  devices 
shown  in  Figs.  N  to  T,  The  apparatus  is  designed  in  such 
manner  that  differences  of  extension  for  each  increment  of  load 
are  read  on  the  same  points  of  the  scales  and  same  positions  of 
mirrors,  that  all  errors  of  approximation  to  true  theory  have 
exactly  the  same  value  for  each  observation,  and  the  values 
found  are  directly  comparable  without  corrections  even  when 
mirror  motions  become  very  great. 

For  this  purpose  an  arrangement  was  to  be  made  whereby 
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the  gauge-springs  could  be  lengthened  successively  by  the 
amount  of  extension  due  to  each  increment  of  load,  i.e.,  that 
the  mirror  could  always  be  adjusted  to  zero  reading.  This  has 
been  done  in  the  following  manner : 

The  mirror-support  H  to  L  consists  of  a  brass  bar  18, 
which  has  set-screws  19,  20  and  23  and  springs  21  and  24,  as 
well  as  the  steel  plate  27  supporting  the  fulcrum  25.  Fulcra 
and  mirrors  25  are  shown  at  K  .and  N.  The  fulcrum  is 
bevelled  at  lower  side  so  that  its  bearing  edge  bears  against 
the  steel  plate  27  (see  N)  when  the  mirror  is  placed  between 
springs  22  and  24.  To  do  this  the  screw  19  is  first  advanced 
sufficiently  to  maintain  18  at  a  proper  distance  from  the  test- 
piece,  after  the  long  gauge-rods  have  been  attached  to  their 
suspension  device.  The  screw  23  is  then  advanced  until  spring 
24  is  quite  clear  of  groove  in  18.  Then  the  spring  21  is  spread 
by  screw  20  just  sufficiently  to  permit  the  mirror-fulcrum  to  be 
inserted  in  the  grooves  of  the  two  springs,  and  remain  there 
safely. 

The  two  clamping-springs  C/"  38,  bearing  at  18  (and  at  13, 
A  and  C),  are  then  made  to  bear  lightly  against  the  test-piece 
I  by  means  of  their  spherical  end  knobs.  By  means  of  the 
suspension  device  N  3.6,  37  the  apparatus  is  adjusted  to  correct 
height,  etc.,  until  fulcrum  i\  {A  to  C)  fits  a  mark  on  the 
bar  I.  Thus  the  mirror-fulcrum  is  made  to  stand  opposite  the 
body  22  attached  to  the  test-piece.  If  now  the  screw  20  be 
released,  the  mirror-fulcrum  will  bear  firmly  in  the  grooves  of 
springs  21  and  24;  it  will  therefore  always  assume  the  same 
initial  position  relative  to  bar  18  when  the  screw  23  is  also 
released,  causing  the  fulcrum  to  bear  against  18.  Now  it  is 
possible  to  secure  contact  of  fulcrum  and  the  curved  bearing 
surface  of  22  by  releasing  screw  19. 

After  adjusting  the  telescopes  and  scales  for  initial  reading 
as  in  {6^4)^  the  test  may  begin.  After  balancing  the  machine 
under  the  first  load  a  reading  is  taken,  and  the  mirrors  are  then 
returned  to  the  initial  reading  by  means  of  strings  leading  to 
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the  position  of  the  observer,  and  passing  over  a  roller  12 
driving  a  wornri-gear  8  on  the  end  of  the  fulcrum-spindle 
{A-£)y  so  that  the  length  of  gauge-rod  E  is  lengthened  by 
means  of  micrometer-screw  5  by  an  amount  equal  to  the 
extension  of  the  standard  bar.  The  micrometer  is  provided 
with  a  friction-coupling  6,  by  means  of  which  the  worm-gear  7 
is  disengaged  from  the  micrometer.  The  screw  can  be  moved 
rapidly  by  means  of  head  10  to  bring  the  gauge-rod  to  its 
initial  position  after  test.  Scales  are  attached  to  the  microm- 
eter, which,  however,  are  not  used  as  a  rule. 

It  will  be  readily  seen  that  very  fine  measurements  may 
be  made  by  this  apparatus,  and  it  is  in  fact  possible  to  measure 
extensions  of  the  6.32-in.  (i6o-mm)  standard  bar  due  to  a  load 
of  45  lbs.  (20  kg);  i.e.,  by  a  stress  5=1.42  lbs.  per  sq.  in. 
(=  0.01  kg.  sq.  mm). 

The  apparatus  here  described  has  served  almost  exclusively 
for  measurements  of  the  large  standard  bar  of  the  500-ton  ma- 
chine, and  has  given  great  satisfaction. 

697*  I  have  built  another  mirror  apparatus.  Figs.  484  and 
485,  for   use   in   tests  of  very  small  pieces  of  material ;  it  has 

a  length  of  but  4  ^  o*4  ^"*  ('  ^^)>  ^^^  '^  used  mainly  in 
pressure-tests  (crushing-tests)  in  connection  with  the  apparatus 
described  in  (7j),  Fig.  39 ;  also  shown  by  A  and  B,  Fig.  484, 
as  applied  to  the  test-piece. 

Its  adjustment  to  correct  gauge-length  and  attachment 
of  mirror-supports  are  shown  by  Fig.  485.  The  gauge- 
springs  consist  of  two  odd-shaped  parts,  as  shown  diagram- 
matically  in  Fig.  486.  The  two  parts  are  each  provided 
with  a  gapped  fulcrum  which  bears  against  the  test-piece 
at  two  points;  thereby  each  mirror  apparatus  bears  on  the 
test-piece  at  four  points,  hence  in  as  perfect  a  manner  as 
possible.  Both  parts  of  the  gauge-spring  are  braced  by  each 
other  and  the  mirror-fulcrum  and  a  roller.  The  fulcrum  and 
the  roller  are  each  supported  in  two  points  below  and  in  one 
above.     The  parts  are  clamped   together  by  means   of  two 
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spiral  springs,  which  press  the  apparatus  against  the  test-piece. 
The  two  parts,  otherwise  passing  loosely  through  each  other, 
may  be  connected  before  attachment  by  means  of  two  conical 
pins  with  head,  in  such  manner  that  the  fulcra  are  separated 
by  exactly  0.4  in.  (=  i  cm).  The  instruments  are  therefore 
attached  to  the  test-piece  without  scribing  gauge-marks.  The 
arrangement  of  mirrors  is  shown  by  Fig.  484,  C  to  E, 

The  apparatus  is  usually  used  for  estimated  readings  of 
.00000195  in.  (=  HQ^Q()  mm).  It  has  been  found  very  reliable, 
as  re  adings  f  or  1  oad  increments  for  equal  values 
of  ei>  fluctuate  by  at  most  2  or  3  units,  the 
same  as  is  the  case  with  other  Martens  and  Bau- 
schinger  mirror  apparatus. 

698.  The  sketch  given  in  Fig.  487  proves  that  the  use  of 
the  Martens  principle  in  designing  mirror  apparatus  enables 
making  measurements  on  gauge-lengths  Ig  =  o.  The  appa- 
ratus served  to  determine  the  thickness  of  a  layer  of  lubricant 
existing  under  different  pressures  and  varying  temperatures. 
If  it  is  desired  to  be  independent  of  elastic  distortion  of 
bodies  i  and  2,  it  is  necessary  to  make  measurements  directly 
at  the  two  end  or  bearing  surfaces  between  which  the  layer 
is  formed.  For  this  purpose  a,  so  to  say,  negative  fulcrum 
was  used,  a  fork  3  of  hardened  steel,  the  bearing-edge  a^  of 
which  in  the  recess  in  body  i  bears  against  the  end  surface 
of  2.  The  counterweight  4  causes  the  edge  a^  in  the  recess  of 
body  2  to  bear  against  the  end  surface  of  i.  The  fork  3 
carries  the  mirror  in  the  usual  manner,  as  shown  by  Fig. 
206  (joo),  by  means  of  a  third  fulcrum.  Hence  if  the  two 
end  surfaces  of  I  and  2  recede  from  each  other,  the  tilting  of 
3  will  be  indicated  by  the  mirror.  The  apparatus  has  been 
most  successfully  used  for  estimated  values  of  0.00000195  in. 

699.  The  Martens  mirror  apparatus  has  been  very  suc- 
cessfully used  at  the  Chariot  te  nburg  Laboratory  for 
testing  cubes  of  stone  and  concrete  of  all  sizes  as  to  their 


<6990  Mirror  Apparatus.  5^3 

elastic  behavior,  as  shown  schematically  by  Fig.  488.  In 
order  to  attach  mirror  apparatus  on  large  surfaces,  so  as  to  be 
able  to  determine  deformations  of  given  lengths  in  any  direc- 
tion, in  direction  of  or  crosswise  to  the  direction  of  force  ap- 
plied, and  at  every  part  of  the  surface,  small  saddles  i,  bent  out 
of  sheet  steel,  are  attached  to  one  gauge-mark.  They  bear  at 
the  gauge-mark  by  two  sharp  edges  in  one  line,  and  a  tail- 
piece braces  them  at  a  third  point.  The  sharp  edges  produce 
greater  friction  than  *  the  tail,  and  hence  must  remain  at 
the  gauge-mark,  while  the  material  undergoes  deformations 
between  them,  without  affecting  the  position  of  the  saddle. 
In  order  to  secure  the  saddle  in  its  position  without  clamping- 
springs,  even  on  vertical  surfaces,  it  may  be  sealed  with  a  drop 
of  wax  or  resin-putty  at  the  bearing-edges.  The  gauge-springs 
2,  made  of  steel  wire  about  jr  in.  (6  mm)  thick,  may  then 
be  made  to  bear  with  their  round  ends  on  the  fulcra  3,  the 
other  being  shaped  into  sharp  forked  ends.  The  apparatus 
may  be  secured  to  the  material  by  rubber  hose,  bands,  wire 
springs,  etc.,  passed  around  both  ;  or  it  may  be  simply  loaded 
by  weights  when  attached  to  horizontal  surfaces.  If  neces- 
sary, the  forked  bearing-edge  of  gauge-spring  may  also  be 
secured  by  a  little  wax.  The  Charlottenburg  Labo- 
ratory has  already  tested  knuckle-joints  of  granite,  sand- 
stone and  concrete  [cubes  of  about  70  cm  (=  27^  in.)  edges 
with  cylindrical  bearing-ends]  in  the  500-ton  machine,  making 
simultaneous  observations  with  ten  instruments.  If  measure- 
ments are  to  be  made  on  opposite  faces  of  large  blocks 
(concrete,  etc.),  the  reading-telescopes  must  be  mounted  and 
served  independently  if  the  usual  short  mirror-spindles  be 
used.  When  long  mirror-spindles  are  used,  as  in  Fig.  206 
ijoo),  they  may  be  mounted  on  one  side  as  before,  but  each 
spindle  must  then  be  directly  supported.  If  the  use  of  two 
instruments  is  unimportant,  the  distortions  of  the  test-piece 
{torsion  due  to  movable  gripping-devices)  may  be  determined 
even  when  using  but  one  apparatus,  by  simultaneous  reading 
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of  a  mirror  rigidly  attached  to  the  test-piece,  and    may  be 
made  harmless  by  correcting  the  readings  of  deformation. 

My  type  of  mirror  apparatus  may  also  be  readily  used  for 
determining  internal  changes  of  shape  of  bodies 
if  a  hole  of  about  0.4  in.  (10  mm)  diam.  be  provided  in  the 
body.  In  this  case,  two  gauge-springs  similar  to  those  shown 
in  Fig.  488  are  provided  for  each  mirror  apparatus.  The 
fulcra  are  pressed  against  the  walls  of  the  holes  by  means  of 
springs  mounted  on  the  backs  of  the  gauge-springs,  and  the 
mirror  is  then  placed  between  the  latter  as  shown  in  Figs.  205 
and  206  (joo).  The  gauge-length  is  then  equal  to  the  dis- 
tance between  the  bearing-edges  of  the  gauge-springs.  Figs. 
205  and  206  show  how  mirror  apparatus  may  be  arranged 
when  the  gauge-marks  are, not  directly  accessible. 

700.  My  1884  mirror  apparatus  {SS)  has  been  modified  in 
the  two  following  instruments,  in  details  which  I  cannot  con- 
sider improvements,  in  so  far  as  they  do  not  embody  the  prin- 
ciple of  reading  by  two  independent  telescropes,  reading  both 
mirrors  by  one  only.  Although  the  mirrors  are  placed  so 
closely  together  that  both  scales  appear  in  the  field  of  view 
simultaneously,  they  are  one  behind  the  other  a  distance  equal 
to  the  thickness  of  the  bar,  thus  producing  the  difficulty  of 
focussing  the  telescope  with  equal  sharpness  on  both  scales  at 
the  same  time,  i.e.,  that  the  images  of  the  scales  produced  by 
the  objective  do  not  coincide  exactly  with  the  plane  of  the 
image  of  the  cross-hairs.  We  therefore  have  the  choice,  firstly, 
either  to  focus  both  images  imperfectly,  i.e.,  to  magnify  the 
parallactic  errors  of  both  images  (6p^d),  or,  secondly,  the  eye- 
piece must  be  adjusted  alternately  for  readings  of  the  two 
scales,  as  stated  by  Kirsch  {L  2j,  1891,  p.  139),  or,  thirdly^ 
the  distance  of  mirrors  from  scales  may  be  corrected  by  one 
half  the  distance  between  mirrors,  as  personally  explained  to 
me  by  Kirsch,  thus  making  the  length  of  reflected  rays 
from  the  cross-hairs  to  the  scales  equal  to  each  other ;  in  this 
case  both  instruments  have  different  magnification.     In  the 
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first  two  cases  the  accuracy  of  readings  is  diminished,  in  the 
second  one  of  the  principal  advantages  of  mirror-readings  is  dis- 
carded, namely  that  all  parts  of  the  apparatus  remain  untouched 
by  the  observer  throughout  a  test.  The  third  no  doubt  also 
has  difficulties,  for  Kirsch  informed  me  that  he  has 
abandoned  the  use  of  a  single  telescope  and  has  reverted  to 
the  use  of  two. 

701.  The  apparatus  of  K  i  r  s c h  ,  V  ienna  (Z  ^j,  1891, 
p.  139),  and  of  Henning,  New  York,  each  have  two  mir- 
ror apparatus  of  my  type  with  simultaneous  readings  by  one 
telescope.  The  Kirsch  mirror  apparatus  differs  from 
mine  only  in  that  it  has  two  points  instead  of  a  knife-edge  at 
the  end  of  the  gauge-spring,  which  enter  the  gauge-mark  on 
the  flat  as  well  as  on  the  round  bar.  That  this  may  be  con- 
sidered an  ideal  construction  only  conditionally  will  be  evi- 
dent from  {6pi,  A)  and  (^p^,  i).  K  i  r  sc h ,  as  he  told  me  per- 
sonally, recognizing  these  conditions,  made  the  points  in  the 
shape  of  adjustable  pivots;  I  do  not  consider  this  an  advan- 
tage, because  this  adds  unnecessary  movable  parts  to  the 
gauge-spring.  Kirsch  also  substituted  transparent  glass 
scales,  illuminated  by  diffused  light  from  a  bright  surface 
behind  them.  In  this  one  is  dependent  upon  the  illumination 
of  the  laboratory ;  therefore  the  ground-glass  scales  commonly 
used  in  the  Gauss'  method  of  reading  should  be  preferred, 
which  may  be  readily  illuminated  by  a  number  of  small  jets 
placed  behind  them. 

702.  The  changes  which  Henning  {L  44,  189)^,  May) 
made  in  my  apparatus  are  shown  by  Figs.  489  and  491.  They 
consist  essentially  in  the  provision  for  always  obtaining  uni- 
form initial  adjustment  to  gauge-length,  distance  between  mir- 
ror-spindle and  attaching-point.  This  is  a  very  essential  point, 
as  becomes  evident  from  the  theory  previously  developed  by 
me  in  {SS-pS)  and  the  discussion  presented  in  {6po-6pp) 
relating  to  the  principles  which  were  my  guides.  This  initial 
position   is  obtained  by  the  little  screws   19  supporting  the 
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mirror-fulcra  12  in  their  frames  10  before  attachment.  Thus 
their  position  relative  to  gauge-springs  9  is  predetermined 
accurately.  The  entire  mirror  apparatus  is  united  by  the  bars 
9,  the  upper  end  of  which  is  cylindrical,  on  which  the  frame  10 
swivels,  bearing  on  a  dished  spring  washer  ii,  against  which  it 
is  pressed  by  the  nut  5,  Fig.  489.  Thus  the  mirror-axis  may 
revolve  about  that  of  9  in  such  manner  that  the  fulcrum  will 
bear  accurately  against  the  surface  of  any  flat  bar  in  every 
case.  In  case  of  round  bars,  however,  there  is  unstable  support 
of  the  fulcrum,  because  it  is  supported  in  only  two  points, 
in  a^  Fig.  492,  at  the  bar,  and  at  6  on  the  axis  of  gauge-spring. 
Hence  the  tendency  to  tilt  in  direction  of  the  double  arrow 
will  always  exist.  This  tendency  must  always  be  coun- 
teracted by  the  elastic  bending  resistance  of  the  gauge-springs, 
although  their  pressure  on  the  test-bar  at  the  same  time 
assists  it. 

The  construction  of  the  mirror-fulcra  resembles  mine.  But 
the  attachment  of  the  apparatus  is  different,  as  will  be  seen 
from  Figs.  490  and  491.  The  frames  i  and  2  are  hinged  at 
bolts  3,  one  of  which  is  removable.  The  frame  is  attached  to 
the  test-piece  by  the  screws  4,  which  pass  through  spring- 
cushioned  bushings,  sliding  in  the  frames  and  provided  with 
springs  6,  The  points  5  also  serve  to  carry  the  spring-carrier 
7 ;  they  are  screwed  in  to  screws  4.  The  spring-carrier  7  has 
two  lateral  arms  bearing  on  the  frame,  to  prevent  tilting.  The 
gauge-springs  9  carrying  the  mirrors  are  bolted  thereto. 

The  H  e  n  n  i  n  g  mirror  apparatus  therefore  forms  a  unit, 
which  can  be  opened  after  removing  pin  3  and  then  attached 
to  the  test-piece,  without  the  necessity  of  marking  oflf  the 
gauge-length.  Before  attaching  the  apparatus  the  screws  8  are 
advanced  as  much  as  screws  4,  thus  keeping  7  in  a  vertical 
position,  and  always  producing  the  same  pressure  of  springs  9 
on  the  fulcra;  springs  9  are  drawn  back  after  closing  the 
frame,  and  the  fulcra,  taking  bearing  on  screws  19  and  against 
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the  test-piece,  will  remain  in  position ;  19  are  then  loosened, 
and  the  mirrors  are  adjusted  as  in  any  apparatus. 

No  doubt  the  H  e  n  n  i  n  g  apparatus  may  be  attached 
more  readily  than  mine.  But  I  cannot  be  convinced  that  his 
construction  is  more  perfect  than  mine  with  loose  gauge- 
springs,  for  the  advantages  of  simplicity  and  rigidity  of  princi- 
pal parts,  essential  in  my  opinion,  which  excludes  every  uncon- 
trollable secondary  stress,  and  bases  the  entire  attachment 
upon  simple  support  of  all  parts  on  the  test-bar  among 
themselves,  are  lost.  As  measurements  of  cxocxxx)39  or 
o.cxxxx)i9  in.  ( ^  Q  qIq^  q  or  y^^^i^^^  cm)  are  to  be  niade,  every  con- 
nection which  permits  or  may  permit  such  minute  motion 
during  use  is  a  source  of    uncertainty.      Although  I  do  not 

believe  that  there  will  be  harmful  changes  in  the  connections 
of  H  e  n  n  i  n  g '  s  apparatus  under  careful  manipulation  during 

test,  I  consider  it  my  duty  to  point  out  the  fundamental 
deviations  from  the  principles  of  the  original  construction, 
because  these  considerations  are  at  the  same  time  instructive. 

703.  Hartig  (Z  p,  1893,  Part  6),  starting  from  the 
simple  apparatus  furnished  by  L  e  u  n  e  r  with  his  machine 
having  a  standard  bar  {S49)*  constructed  a  one-mirror  appa- 
ratus, shown  in  Fig.  493.  In  this  apparatus  the  evil  of  the  old 
construction  discussed  in  {S4^)  (^  P>  ^893,  Part  6,  Plate  XIX), 
the  use  of  one  mirror  placed  distant  from  the  test-piece,  is 
avoided.  Flexure  of  the  test-piece  must  affect  measurements ; 
besides  measurements  were  not  made  on  a  definite  part  of  the 
prismatic  bar  of  length  ^  but  between  clamps  attached  to  the 
heads  of  the  standard  bar.  The  new  apparatus  avoids  the 
errors  due  to  flexure  of  bar  and  indefinite  gauge-length.*  The 
two  frames  2  are  attached  by  means  of  clamping-screws,  each 
with  three  bearing-points  in  the  end  planes  of  the  gauge-length 
/g.    The  right-hand  frame  carries  the  cross-bars  17,  to  which  the 

*The  straining-tapes  5  lie  in  the  plane  of  the  horizontal  axis  of  test- 
piece,  hence  flexure  in  a  vertical  plane  does  not  affect  the  result ;  bending 
in  the  horizontal  plane  is  eliminated  by  the  lever  7. 
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clamps  18  secure  the  very  thin  steel  tapes  5  on  a  plane  with 
the  centre  of  the  test-piece.  These  tapes  5  pass  over  small 
rollers  mounted  on  a  pivoted  spindle  4,  converting  extension 
into  rotary  motion,  and  transmit  the  latter  to  the  compensat- 
ing beam  7  by  means  of  the  upper  roller  and  tape  6.  The 
beam  7  transmits  the  mean  motion  of  6  to  the  tape  8,  which 
turns  the  mirror-axis  11.     The  .mirror-mechanism  is  shown  by 

Fig.  493- 

The  construction  is  very  complicated,  and  the  question  is 

forced  upon  us  whether  the  intended  saving  of  one  telescope 
and  of  the  work  required  in  duplex  observations  is  not  counter- 
balanced by  the  unprofitableness  arising  from  the  use  of  one 
mirror  (p^,  b),  as  well  as  from  the  many  points  which  are  sources 
of  errors ;  I  call  attention  to  the  thin  tapes,  which  must  in- 
stantly respond  to  thermal  changes.  As  I  have  not  used  the 
apparatus,  I  shall  only  refer  to  a  few  points  which  in  my  opinion 
should  be  examined.  If  the  apparatus  is  to  be  used  for  absolute 
measurements  (determination  of  E  or  e^\  its  rate  of  multiplica- 
tion must  be  determined  accurately  to  begin  with.  This  re- 
quires the  determination  of  diameters  and  eccentricities  of  5 
rollers,  and  of  the  lengths  of  levers  7  (seven  sources  of  error). 
Next,  the  efifect  of  possible  play  of  the  three  axes  4  and  1 1  in 
their  bearings  must  be  ascertained.  As  the  axes  run  on  fixed 
pivots  [not  in  springs  as  in  the  Bauschinger  apparatus  {6pi,  a^ 
Fig.  473)],  the  play  is  dependent  upon  the  adjustment  of  the 
pivots,  and  hence  variable  in  a  manner  not  easily  controllable. 
How  large  the  error  of  reading  due  to  great  eccentricity  of 
the  mirror  may  be,  can  be  determined  by  calculation.  In 
regard  to  construction  of  mirrors  I  refer  to  what  hfts  been  said 
in  {6pi,  g),  as  well  as  to  the  effect  of  rigidity  of  the  steel  tapes 
in  {676). 

704.  A  single-mirror  apparatus  is  shown  schematically  by 
Fig.  494 ;  it  has  been  constructed  by  Prof.  W.  C.  U  n  w  i  n , 
London,  based  on  the  principle  described  in  {6Sp),  Fig.  471. 
Two  stirrups,  2  and  3,  are  attached  at  a  length  =  /^  of  the  test- 
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bar  I  by  means  of  pointed  screws,  3  being  adjustable  normally 
to  the  bar  by  means  of  screw  4.  The  spreader  5  is  fitted  in 
punch-marks  in  2  and  3,  causing  2  to  rotate  about  the  support- 
ing point  on  5  whenever  the  bar  i  suffers  deformation.  This 
causes  mirror  7  to  rotate  under  action  of  spring  8.  The  rotation 
is  read  off  by  means  of  a  telescope.  The  apparatus  therefore 
measures  the  average  deformation  of  two  opposite  elements,  as 
the  constant  spreader  5  is  placed  in  a  meridian  plane  of  the 
test-piece  normal  to  the  stirrup-pivots.  If,  as  may  be  correctly 
assumed,  the  stirrup-pivots  and  ends  of  spreader  5,  as  weil  as 
the  axis  of  revolution  of  the  mirror-roller,  lie  in  a  plane,  the 
different  deformation  of  the  elements  measured  cannot  of 
course  exert  any  material  effect  on  the  results  of  observations. 
If,  however,  the  test-bar  i  bends,  as  indicated  by  dotted  line 
i',  Fig.  495,  the  stirrup  3,  being  affected  thereby,  must  vitiate 
the  mirror-reading.  A  level  is  mounted  on  3  in  the  U  n  w  i  n  ap- 
paratus, which  I  saw  at  McGjll  University,  Montreal, 
C  a  n.,  to  insure  invariability  of  3.  In  this  case  it  would  become 
necessary  to  take  a  level-reading  for  every  observation  when 
accurate  measurements  are  desired,  or  at  least  in  cases  where 
mirror-readings  are  great.  This  would,  however,  certainly  make 
observations  very  much  more  difficult,  which  suggests  the 
question  whether  the  use  of  two  mirrors  is  not  finally  more 
practical,  especially  when  considering  what  has  been  said  in 
(p^,  b)  in  relation  to  the  effects  of  using  one  mirror.* 

Without  examining  the  theory  of  the  instrument  more 
closely,  the  sketch  in  Fig.  495  will  readily  show  that  it  is  very 
complicated.  I  drew  the  relative  deformations  of  movable 
parts  on  an  exaggerated  scale  for  the  case  in  which  bar  i  suf- 
fers a  material  extension ;  the  new  position  is  indicated  by 
dotted  lines  similarly  lettered  with  indices.     It  will  be  clear 

*  This  necessary  occasional  adjustment  of  level  would  moreover  be 
liable  to  disturb  the  instrument  accidentally,  and  the  temporary  proximity 
of  the  hand  and  face  of  the  observer  would  certainly  be  liable  to  produce 
thermic  errors. — G.  C.  Hg. 
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that  a  certain  improvement  might  be  obtained  by  attaching 
the  mirror  to  the  frame  3  braced  against  the  test-piece,  instead 
of  to  the  movable  frame  2,  which  should  carry  the  spring  8. 
This  would  at  least  reduce  those  errors  of  readings  produced 
by  the  change  of  length  of  the  axis  of  mirror  as  related  to  that 
of  the  line  of  sight.  In  such  arrangement  the  spring  8  should 
of  course  be  hinged  on  2,  and  pressed  against  the  roller  by 
means  of  a  spring  fixed  to  the  same ;  the  spreader  5  must  then 
be  connected  to  frames  2  and  3  in  such  manner  as  to  avoid 
constraint. 

The  errors  of  reading  on  a  flat  scale  exist  of  course  in  the 
U  n  w  i  n  instrument,  as  stated  in  {86  and  pj).  It  will  appear 
that  the  Unwin  instrument  requires  careful  examination  of 
its  theory  and  sources  of  errors.  For  regular  motions  it  will  be 
necessary  to  construct  corrective  tables,  arranged  according 
to  magnitude  of  readings,  especially  when  frame  3  is  pro- 
vided with  a  level.  I  could  of  course  merely  discuss  those 
points  which  study  would  develop,  and  must  refrain  from 
expressing  an  opinion,  because  I  have  not  used  the  apparatus. 

'fOS.  Although  I  am  not  a  friend  of  single-mirror  instru- 
ments, as  previously  stated,  I  shall  describe  one  shown  in  Fig. 
596,  designed  by  myself,  because  in  it  the  attempt  was  made  to 
design  it  in  such  manner  that  no  constraint  is  produced  by  the 
individual  details,  and  because  I  intend  to  use  it,  in  a  manner 
to  be  described  later  on  (7^6),  for  photographic  records  of 
mirror-motions  up  to  the  yield-point,  by  use  of  a  concave 
mirror. 

To  the  test-piece  are  clamped  frames  2  and  3  by  means  of 
pointed  screws  4  and  8  attached  at  the  gauge-marks  of  length 
/^,  the  lower  of  which  pivots  freely  about  the  screw-points, 
the  upper  being  steadied  in  its  position  without  constraint  by 
the  forked  spring  19.  The  slot  in  19  fits  the  neck  of  the  screw 
4  with  very  slight  play.  The  two  rods  11  stand  on  the 
screws  9  of  the  lower  frame ;  the  points  of  4,  8,  and  9  lie  in 
one  plane,  very  nearly.    The  upper  pointed  ends  of  1 1  support 
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the  bridge  12,  which  carries  the  mirror  16,  constructed  as  pre- 
viously described.  The  bridge  12  is  supported  freely  between 
points  10  and  those  of  ii,  points  10,  4,  and  8  of  upper  frame 
lying  in  one  plane.  To  avoid  all  constraint  in  12,  the  points 
10  bear  in  one  case  in  a  punch-mark,  but  in  the  other  in  a 
V-shaped  groove.  In  this  instrument  there  is  some  difBculty 
in  determining  the  distance  between  the  bearing-points  of  10 
and  II  on  upper  and  lower  surfaces  of  12  ;  this  distance  is  the 
short  lever-arm  (corresponding  to  diameter  of  fulcrum  in  my 
other  mirror  apparatus),  and  must  be  measured  with  the  accu- 
racy previously  stated.  Special  measuring-apparatus  will  have 
to  be  procured  for  this  purpose.  The  bridge  12  may  be  easily 
adjusted  to  the  same  initial  position  by  one  of  the  screws  9,  as 
the  lower  frame  pivots.  This  may  be  determined  by  noting 
parallelism  between  12  and  2,  or  by  a  special  pointer  provided 
for  the  purpose.  The  gauge-length  /^  may  be  determined 
accurately  by  providing  screws  9  with  divisions  and  a  pointer, 
which  is,  however,  hardly  necessary,  as  the  errors  in  l^  will  be 
unimportant  compared  with  those  of  the  actual  mirror 
apparatus.  I  hope  that  the  apparatus  will  work  well  and 
reliably,  and  intend  to  use  it  simultaneously  with  a  mirror 
fixed  to  the  test-bar.  Both  mirrors  to  be  used  for  photo- 
graphic records  will  be  concave,  projecting  a  fixed  ray  as  a 
point  onto  the  sensitive  plate. 

d.  Microscope-reading. 

706.  The  use  of  microscope  and  telescope  cathetometers 
for  length  measurements  has  been  almost  abandoned  in  testing 
materials  because  of  the  inconvenience  and  really  limited 
efficiency  of  these  instruments.  There  are  probably  few 
laboratories  possessing  them  at  present,  and  still  fewer  using 
them  regularly. 

It  is,  however,  a  different  matter  to  use  the  microscope  for 
determining  the  relative  displacement  of  gauge-marks.  These 
devices  are  in  this  case  nothing  but  reading-microscopes,  as 
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customarily  arranged  for  micrometric  apparatus.  Hence  I 
merely  refer  to  Bauschinger's  device  for  thrust-tests  as 
presented  in  (196)  and  Fig.  139,  limiting  myself  to  a  description 
of  the  following  apparatus. 

TOT,  U  n  w  i  n  constructed  the  instrument  {L  24.0,  p.  226) 
shown  diagrammatically  in  Fig.  497,  for  observation  of  short- 
ening in  crushing-tests.  The  lever  i,  forked  at  one  end,  sur- 
rounds the  test-piece  in  such  manner  that  one  branch  is  pro- 
vided with  two  pointed  clamping-screws,  while  the  opposite  one 
has  but  a  single  screw,  all  applied  in  the  plane  of  the  lower  gauge- 
marks.  It  is  also  provided  with  an  adjusting-screw  3,  and  sup- 
ports a  silvered  plate  having  a  fine  line  at  the  extreme  end, 
opposite  to  a  micrometer-microscope,  4.  A  similar  mark  is 
made  on  the  long  end  of  lever  2,  which  rotates  about  a  point 
supported  by  screw  3,  and  is  forked  at  its  short  end,  each 
branch  having  a  clamping-screw  attached  to  the  specimen  at 
the  upper  gauge-marks.  Screw  3  serves  to  adjust  the  relative 
position  of  the  two  marks  before  test.  The  distance  between 
the  two  lines  is  measured  by  the  micrometer  4.  Lever  2  mul- 
tiplies 2.5  times;  it  is  used  for  measurements  of  gp^^Q  and 
j(^^Qfl  in.  (=  0.000125  and  0.00002  cm).  The  readings  give  the 
crushing  of  the  material  free  from  the  effect  of  parts  of  the 
machine. 

A  few  more  instruments  shall  be  described,  which,  although 
externally  similar  to  the  above,  are  quite  different  in  principle. 

0 1  s  e  n  builds  an  apparatus  for  crushing  and  transverse 
tests,  shown  in  Fig.  498.  The  base  i  supports  a  parallel 
motion,  forming  the  short  arm  of  lever  2,  and  the  scale ;  an 
adjusting-screw  is  provided  at  3. 

Another  instrument  made  by  O  1  s  e  n  is  shown  in  Fig.  499^ 
It  is  supported  in  two  points  on  a  rigid  part  of  the  machine- 
frame,  and  bears  on  the  lower  pressure-platen  by  two  contact- 
arms  immediately  beside  the  test-piece.  These  two  arms  are 
connected  by  a  cross-bolt  in  such  manner  that  they  may  be 
made  to  bear  with  equal  pressure.     The  two  upper  contact- 
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arms  of  identical  construction  bear  against  the  upper  pressure- 
platen.  They  are  supported  by  a  lever  the  fulcrum  of  which 
may  be  raised  anjl  lowered  by  means  of  a  micrometer,  until  the 
screw  at  the  other  end  makes  contact  and  closes  an  electric 
circuit.  A  second  micrometer-screw  geared  to  the  first 
transmits  identical  motion  to  the  contact-point  and  the  ful- 
crum. The  travel  of  screw  is  read  on  a  divided  head  and  a 
scale,  and  indicates  Y^mr  ^^'  (^f^^t  reliability  cannot  be  ex- 
pected, as  it  is  very  difficult  to  obtain  identical  screws,  because 
of  the  transmission  of  motion  by  gearing,  and  because  of  awk- 
ward design  of  support  of  the  lever  on  the  micrometer- 
spindles. 

708.  Prof,  J.  A.  Ewing,  Cambridge,  Eng- 
land, designed  a  reading-microscope  shown  in  Figs.  500  and 
501  and  diagrammatically  in  Fig.  502.  The  two  frames  2  and 
3  are  clamped  to  the  gauge-marks  at  distance  /^  by  means  of 
two  pairs  of  pointed  screws;  both  can  rotate  freely  about 
these  points.  The  cross-head  4  is  supported  on  pivots  in  3 
(which  lie  in  the  plane  of  the  clamping-screws),  and  is  rigidly 
connected  by  two  rods  with  $,  which  carries  the  micrometer  6, 
having  a  spherical  end  resting  in  a  conical  h<51e  in  2.  The 
reading-microscope  8  is  suspended  by  bars  7,  hinged  at  their 
upper  end  to  4.  9,  Fig.  500,  is  a  screw  used  for  adjustment  of 
the  microscope  to  the  glass  scale  mounted  on  2  and  illumined 
by  a  prism  behind  it.  The  microscope  and  unilateral  cross- 
heads  4  and  5  are  counterbalanced  on  the  pivots  12  by  the 
weights  10  and  12  in  such  a  manner  that  the  unbalanced 
weight  of  frame  2  causes  unconstrained  contact  between  the 
spherical  end  of  micrometer  and  the  conical  hole  in  2.  9,  10  and 
II,  Fig.  501,  is  an  adjusting-device  which  serves  to  place 
frames  2  and  3  into  their  correct  initial  position  during  attach- 
ment. 

When  the  test-piece  is  elongated  an  amount  equal  to  A,  Fig. 
503,  the  end  of  micrometer  will  describe  a  circle,  having  the 
upper  clamping-screws  as  a  centre,  swinging  through  the  angle 
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p.  The  microscope  must  also  describe  the  angle  fi  about 
the  upper  clamping-screws.  The  lower  cross-head  will  then 
describe  the  angle  a  depending  upon  angle  /?.  The  value  of 
these  two  angles  depends  upon  the  dimensions  of  the  test- 
piece  and  the  extension  \  of  the  bar. 

The  micrometer-screw  6  is  used  principally  for  adjusting 
the  scale  to  o ;  it  is  not  necessary  to  change  it  during  the  test, 
as  the  dimensions  have  been  so  chosen  that  the  scale  does  not 
move  beyond  the  field  of  view  of  the  microscope. 

It  will  be  readily  seen  that  the  theory  of  the  instrument  is 
complicated,  and  that  the  angular  motion  of  microscope- 
support  and  of  movable  cross-head  must  become  sources  of 
error,  because  the  sharpness  of  adjustment  varies.  The  prac- 
tical value  of  the  errors  indicated  cannot  be  decided  without 
careful  calculation  and  practical  calibration  of  the  instrument. 
The  author  states  that  readings  with  his  instrument  may  be 
estimated  to  i^\^^  in.  (  =  0.000508  mm)  {L  Proc  Royal  Soc.,. 
Vol.  58). 

C.  Autographic  Recorders  for  Stress-strain 

Diagra^ms. 

709.  I  have  previously  described  a  great  number  of 
autographic  recorders,  because  the  devices  are 
often  more  or  less  inseparable  details  of  the  machines.  There- 
fore a  repetition  must  be  avoided,  and  I  shall  confine  myself 
to  a  reference  to  the  apparatus  previously  described,  while 
amplifying  the  omissions,  and  presenting  the  funda- 
mental principlesof  con  s  t  r  u  ct  io  n  of  recorders. 
It  is  not  possible  to  discuss  all  of  the  known  apparatus  tried  for 
the  purpose  or  intended  therefor,  because  their  number  is 
exceedingly  great. 

A  systematic  classification  of  automatic  record- 
ers, in  accordance  with  definite  principles,  is  indeed  very  diffi- 
cult, and  as  it  cannot  be  complete,  I  shall  not  attempt  it.     To 
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illustrate  the  multiplicity  of  types,  I  will  state  that  there  are 
such  as  draw  lines  and  others  which  write  figures.  In  testing 
materials  the  former  are  the  rule.  Among  diagramming, 
machines  there  are  those  which  draw  continuous  lines  (the 
usual  type)  and  others  interrupted  lines  (Unwin,  Rudeloff 
and  others).  They  record  either  on  plane  or  on  cylindrical 
surfaces ;  in  some  a  long  strip  of  paper  travels  through  them 
(Martens  oil-tester).  The  record  is  made  on  paper,  smoked 
glass,  or  on  sensitive  plates,  etc. ;  it  is  made  in  ink  (color) 
or  pencil  on  ordinary  paper,  or  by  metal  points  on  prepared 
(indicator)  paper.  The  kind  of  pen  is  manifold.  Records  are 
made  on  a  diminutive  [Martens  iocx)-kg  machine  {S4^)]* 
medium  [H  e  n  n  i  n  g  {72 j)],  or  largely  magnified  scale  [Unwin 
{728),  Gray  (7-??)].  In  one  case  large  record  of  loads  is  em- 
phasized ;  again,  deformations  are  greatly  magnified.  One  is 
satisfied  to  record  deformations  beyond  the  elastic  period  on 
a  moderate  scale,  another  requires  his  apparatus  to  record 
deformations  within  the  yield-point  very  greatly  magnified 
[Olsen,  Kennedy,  Unwin,  Gray  and  others],  a  third 
changes  the  scale  of  record  during  the  test  automatically 
(H  e  n  n  i  n  g).  One  records  diagrams  of  L  and  e  load  and  def- 
ormation, another  desires  that  stress  5  and  unit  elongation  e^ 
be  indicated  [M  art  ens  (7/^)].  It  may  also  be  arranged  to 
record  variations  of  loads  between  limits  (Martens  oil- 
tester).  The  method  of  operating  recording  detail,  of  load- 
indication  by  the  machine,  and  many  other  conditions,  are 
controlling  in  the  design  of  the  apparatus. 

710.  Classification  of  recorders  in  distinct  groups  accord- 
ing to  the  foregoing  is  difficult.  The  simplest  method  would 
be  based  on  whether  the  record  is  complete  or  only  a  partial 
one  recording  up  to  the  yield-point.  Herein  it  is  necessary  to 
note  whether  the  record  produced  by  the  apparatus  is  merely 
relative,  or  illustrative  of  the  properties  of  the  materials  tested, 
or  whether  the  diagram  furnishes  an  accurate  record  of  results 
of  tests,  whether  they  can  be  determined  therefrom  by  meas- 


59^  V.   Measuring-apparatus.  (7ii>) 

urement.  In  the  first  case  the  usual  observations  must  be 
made,  additional  to  the  record,  and  the  latter  can  only  be  used 
as  a  check  on  the  test.  In  the  second  case  the  observations 
are  merely  a  verification  of  the  record.  [The  views  on  this  sub- 
ject held  at  the  Charlottenburg  Testing  Laboratory 
have  been  developed  in(5J^)]. 

In  apparatus  of  the  latter  type  it  should  be  strictly  required 
that  the  effect  of  the  existing  sources  of  error 
be  absolutely  limited  to  the  unavoidable  limit, 
and  that  the  ultimate  effect  of  all  sources  of 
error,  arising  from  the  entire  apparatus,  be  smaller  than 
the  limits  of  error  arising  in  careful  measurement 
of  the  diagrams  produced.  If  the  instruments  do 
not  fulfil  these  requirements  their  records  cannot,  contrary  to 
the  views  of  the  designers,  be  considered  as  anything  more 
than  illustrations,  which,  however,  have  valid  reasons  for  exist- 
ence and  may  be  of  great  utility. 

It  might  really  be  considered  hardly  necessary  to  discuss  these 
self-evident  matters  at  such  great  length.  But  careful  study  of 
previous  chapters  will  have  carried  conviction  of  the  fact  that  de- 
signers of  testing-machines  and  measuring-apparatus  have  not  always 
completed  their  designs  to  the  last  detail.  He  who  will  take  the 
trouble  to  look  over  the  literature  of  the  subject  will  note  with  aston- 
ishment how  even  noteworthy  investigators  have  neglected  the  con- 
siderations here  discussed.  I  emphasize  this  point  particularly  be- 
cause I  thereby  hope  to  encourage  thoroughness  and  constant  self- 
control. 

I  shall  take  up  the  discussion  of  recorders  in  the  order  in 
which  they  are  presented  on  the  plates  at  the  end  of  the  work, 
inserting  others  not  illustrated  in  their  proper  place. 

711.  No  recorder  is  in  use  on  the  W  e  rd  e  r  machine  to 
my  knowledge.'  Years  ago  I  tried  to  adapt  the  idea  applied  to 
the  loookg  machine  {S4^\  and'to  utilize  the  extension  of  the 
tension-rods  as  a  measure  of  force.  But  the  device  would  have 
been  too  complicated,  and  I  therefore  dropped  it.  In  my 
opinion  it  will  be  most  suitable  to  use  independent  discon- 
nected apparatus  in  connection  with  the  W  e  r  d  e  r  machine. 
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712.  The  recorder  for  my  50-ton  machine 
(PL  5,  Fig.  3)  has  been  described  in  (j'rfj),  where  the  develop- 
ment of  a  series  of  designs  is  given.  I  merely  wish  to  repeat 
that  exceedingly  sensitive  electrical  apparatus  may  be  de- 
veloped, which  are  at  the  same  time,  however,  mostly  very 
difficult  to  operate,  and  to  show  that  experience  always  leads 
back  to  simplicity.  How  the  same  end  may  be  reached  by 
hydraulic  means  is  shown  by  the  example  given  in  the  de- 
scription of  my  sooo-kg  machine  (^pp). 

713.  The  limits  reached  by  the  use  of  complicated 
apparatus  is  illustrated  by  the  Fairbanks  &  Co.  so-called 
diagramming  apparatus  (A.V.  Abbott,  designer),  which  I 
have  described  in  {L  113)* 

[This  apparatus  was  so  extraordinarily  complicated  and  con- 
tained such  impossible  detail,  as  strings  twenty  (20)  feet  long, 
etc.,  that  it  was  quite  useless  and  always  out  of  order ;  it  has 
disappeared  totally. — G.  C.  Hg.] 

714.  In  the  Mohr  &  Federhaff  recorder,  PL  6, 
Fig.  I,  and  PL  7,  Figs.  I,  3  and  4,  the  drum  is  revolved  by  the 
relative  motion  of  the  holders,  recorded  as  extension,  while  the 
poise-travel  is  recorded  on  a  reduced  scale.  The  extension  of 
gauge-length  of  test-piece  proper  is  therefore  not  recorded. 

716.  The  Grafenstaden  autographic  recorder,  PL  8, 
Figs.  3,  10,  29  and  30,  records  by  revolving  the  paper  drum  by 
poise-travel,  while  the  motion  of  the  driving-spindle  which 
operates  the  pencil  is  recorded  as  extension.  In  this  case  the 
record  of  extension  is  still  more  affected  by  action  of  machine- 
detail  than  in  the  previous  case. 

716.  The  autographic  recorder  designed  by  me  for  the 
Pohlmeyer  machine,  PL  9,  Figs.  19-27,  has  already  been 
described  in  (5J^).  I  now  desire  to  discuss  an  idea,  new  as  far 
as  my  knowledge  goes. 

I  have  previously  (5J-?)  called  attention  to  the  fact  that  the 
Pohlmeyer  machine  may  be  easily  arranged  so  as  to  make 
the  pedestal  23  adjustable  on  a  scale  divided  according  to 
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cross-sectional  areas  a  of  test-piece,  thus  reading  stress  5  on 
the  load-indicator  directly.  If  then  extension  be  also  recorded 
on  a  scale  proportionate  to  e^^  the  advantages  of  record  of  S 
and  e^  previously  described  in  (^o)  will  be  secured. 

If  elastic  deformations  are  to  be  recorded  with  the  same 
accuracy  obtainable  by  mirror  apparatus,  this  may  be  done  by 
photographic  means  as  shown  in  my  concave-mirror  apparatus 
described  in  (705).  It  is  only  necessary  to  move  the  sensitive 
plate  vertically  to  the  plane  of  the  ray  of  light  reflected  from  a 
projector,  and  to  make  this  motion  dependent  upon  the  indicator. 
40,  Fig.  19,  PL  9 ;  this  can  be  readily  done  in  several  ways. 

The  photographic  plate,  even  at  the  present  day,  may  be 
used  for  very  delicate  measurements,  so  that  it  is  hardly 
necessary  to  make  the  angular  motion  of  mirror  very  great ; 
i.e.,  scale  of  extension  e^.  But  even  this  would  not  be  objec- 
tionable in  connection  with  the  Pohlmeyer  machine,  if  the 
photographic  apparatus  be  so  arranged  that  the  camera  be 
carried  by  the  rod  40.  Its  rise  relatively  to  a  fixed  luminous 
point  would  then  give  the  measure  of  stress  5  (or  load  Z.). 
If  now  the  reflected  ray  for  recording  e^  also  move  in  a  vertical 
direction  similar  to  that  of  the  camera,  only  the  difference 
between  the  two  motions  will  be  recorded.  If,  however,  the  plate 
or  camera  be  moved  horizontally  and  normally  to  the  ray  of 
light,  which  can  be  easily  done,  either  proportional  to  stress 
increments  (load)  or  proportional  to  time,  the  record  will  be  a 
straight  line  for  materials  having  constant  if  up  to  the  propor- 
tional limit,  at  an  angle  of  ^,/5with  the  horizontal,  becoming 
a  horizontal  in  the  special  case  when  values  of  e^  and  5  become 
equal  in  the  diagram. 

For  scientific  investigations,  especially  of  the  behavior  of  iron 
(steel)  at  the  yield-point,  this  idea  may  be  of  some  importance, 
because  great  accuracy  of  record  may  be  obtained  in  addition 
to  sensitiveness.  I  believe  that  the  study  of  the  behavior  of 
metals  having  variable  ef  and  subject  to  important  residuary 
phenomena,  such   as  concrete,  leather,   magnesium,  etc.,  will 
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thereby  be  greatly  facilitated.  (The  future  will  probably 
demonstrate  that  materials  having  such  properties  are  the  rule, 
and  that  those  having  unchangeable  Cf  are,  to  a  certain  extent, 
exceptions.) 

717.  I  have  made  use  of  the  principle  of  differential 
record  in  several  recorders  designed  by  me  for  the  Char- 
lottenburg  Testing  Laboratory,  as  in  several  forms 
of  lubricant-testers. 

In  the  type  shown  in  Fig.  506  {L2J0)  the  slide  4,  moving 
on  rollers  5,  is  actuated  by  a  roller  on  the  pendulum  2  moved 
by  the  journal  I  under  test.  The  swing  of  the  pendulum  may  be 
directly  read  on  a  scale  on  the  slide,  graduated  according  to  the 
constants  of  the  machine,  so  that  its  readings  multiplied  by  the 
length  of  pendulum  give  the  factor  of  friction  directly. 
As  a  rule  this  number  varies  but  little  during  the  test  of  any 
lubricant,  and  therefore  a  relatively  narrow  strip  of  paper 
suffices  for  the  record.  To  produce  the  latter,  the  pencil  6  is 
adjustably  connected  to  4.  The  drum  7  is  operated  from  i  by 
means  of  worm-gearing  8,  9  and  10. 

The  second  oil-tester  shown  diagrammatically  by  Fig.  507  has 
the  object  of  determining  the  durability  of  a  definite  quantity 
of  lubricant  placed  between  the  conical  friction-surfaces  3  and 
4  under  different  pressures,  as  well  as  the  character  of  the  deriva- 
tive materials,  which  are  evidently  produced  from  the  oil,  subject 
to  work.  The  cone  3  is  driven  by  the  belt  16.  Lubrication 
is  made  intermittent,  or  continuous  by  means  of  pipes,  issuing 
in  the  space  at  upper  end  of  the  funnel  4,  used  for  exhausting 
the  gaseous  products.  The  funnel  4  is  forced  down  by  a 
Napoli  pressure-gauge,  described  in  (55^),  and  the  friction 
produced  is  measured  by  the  scale  9  attached  to  lever  8,  which 
is  attached  in  a  horizontal  plane  to  4.  The  frictional  resistance 
is  mainly  counterbalanced  by  the  weight  P,  and  its  variations 
by  the  variations  of  stress  in  spring  11.  The  scale-beam  9 
vibrates  between  stops  10,  thereby  limiting  the  motion  of  the 
pencil  to  a  narrow  strip  of  paper. 
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718.  The  Hartig-Reusch  (5^)  and  L  e  u  n  e  r  (5/^, 
545^  54^^  549)  autographic  recorders  have  been  previously  de- 
scribed and  shown  in  PI.  11.  The  Kennedy  (^547)  and 
Martens  {546)  recorders  using  standard  bars  may  be  grouped 
with  the  L  e  u  n  e  r  devices. 

719.  The  Amsler-Laffon  autographic  recorder  is 
shown  on  PI.  14,  Fig.  8,  and  schematically  by  Fig.  508.  It  is 
very  complicated  in  design,  but  by  use  of  the  scheme  the  illus- 
tration on  PI.  14  will  probably  be  understood.  Loads  are 
recorded  by  a  float  on  the  mercury-column  of  the  gauge  {s6i\ 
a  string,  19,  from  which  is  wrapped  around  18,  thus  moving  the 
pencil-carrier  17,  mounted  on  rollers,  across  the  drum  15,  re- 
volved in  proportion  to  deformations.  The  transmission  of 
deformation  is  peculiar. 

Two  contact-points  are  attached  to  the  test-piece  at  the 
gauge-length,  against  the  inner  surfaces  of  which  two  feelers,  3 
and  4,  bear.  The  feeler  4  is  lightly  pressed  against  the  contact- 
piece  by  the  counterpoise  on  the  lever  5,  while  the  other  feeler 
is  kept  in  contact  by  an  automatic  adjusting-device.  The  latter 
may  be  very  variedly  designed,  as  I  showed  in  my  report  (Z  i, 
1884,  p.  102).  Amsler-Laffon  employs  a  micrometer- 
screw  6  in  the  frame  4,  which  is  operated  by  the  weight  13 
and  the  gearing  12,  11,  10,  which  at  the  same  time  revolves  the 
drum  15  by  means  of  gearing  14.  These  motions  are,  however, 
controlled  by  the  lever  3.  This  is  done  by  lowering  the  frame 
7  and  nut  7  by  means  of  screw  6,  until  the  lever  3  forces  pin  9 
upwardly  until  it  engages  a  tooth  on  the  crown  wheel  8  sup- 
ported by  frame  7 ;  this  arrests  the  crown  wheel  and  the  ap- 
paratus, until  further  extension  releases  the  crown  wheel.  The 
apparatus  must  therefore  accurately  follow  the  deformations 
recorded  on  the  paper  on  a  tenfold  scale. 

The  recorder  rests  on  a  bracket  clamped  to  one  of  the 
columns  of  the  machine,  and  may  therefore  be  adjusted  to  the 
position  of  the  test-piece  by  swinging  the  bracket  into  proper 
position.     I  can  say  nothing  about  the  capabilities  of  the  ap- 
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paratus,  as  I  have  not  used  it.  Whether  a  tenfold  magnification 
of  deformation  is  always  convenient  is  no  doubt  questionable. 
It  is  certainly  not  sufficient  for  determining  the  P-limit, 
although  it  may  become  very  useful  for  observing  phenomena 
of  flow.  The  mechanism  20  and  21  served  for  readjustment 
and  reversing  the  screw  6  after  test. 

720.  01  sen  solved  the  problem  of  mechanical  readjust- 
ment of  his  recorder  as  shown  schematically  by  Fig.  509.  The 
fundamental  principle  in  this  is  again  to  revolve  the  drum  12 
by  the  extension  of  the  test-piece,  and  to  move  the  pencil  13 
across  it  by  means  of  the  travel  of  poise  10  on  the  beam  9. 
Two  frames,  2,  are  clamped  to  the  gauge-marks  /,  by  means  of 
spring-cushioned  screws  and  a  specially  complicated  device, 
designed  with  a  great  display  of  ingenuity.  I  pass  over  the 
description  of  this  device,  shown  on  PI.  20,  Fig.  13,  because  a 
small  error  of  adjustment  to  length  is  unimportant  as  compared 
with  those  of  the  apparatus. 

The  two  forked  contact-levers  with  revolving  ends,  3  and  4 
[not  shown  in  Fig.  509,  but  on  PL  20,  Fig.  12,  and  especially 
by  Fig.  499  (yoy)],  bear  against  the  frames  2.  The  lever  4 
transmits  all  motion  of  the  upper  frame,  2,  by  means  of  the 
metal  band  16  to  the  lever  5,  and  its  roller,  6,  which  latter 
transmits  it  by  means  of  the  band  8  attached  to  the  end  of  7, 
acting  in  the  vertical  plane  of  the  main  knife-edge  of  lever  9, 
on  the  roller  11  of  the  drum  12,  without  exerting  a  moment 
of  force  on  the  scale-beam  9.  The  lower  contact-lever  3  trans- 
mits the  motion  of  the  lower  ring  2  to  the  lever  7  by  means  of 
a  band,  14,  tensioned  by  a  counterpoise  on  lever  15.  As  all 
levers  have  such  ratios  that  the  motion  of  lever  7  is  equalized 
by  the  motion  of  the  complete  mechanism,  the  relative  motion 
of  frames  2,  the  extension  of  test-piece,  is  alone  recorded.  The 
apparatus  is  undoubtedly  ingeniously  constructed,  but  the 
previously  stated  considerations  relating  to  sources  of  errors 
of  recorders  must  be  borne  in  mind  if  they  are  to  be  used 
for    anything   more   than  the  simple  recording  of  diagrams. 
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The  apparatus  is  shown  as  applied  to  several  machines  on  PL 
20. 

721.  01  s  e  n  exhibited  a  different  apparatus  at  the  Chi- 
cago World's  Fair,  1893.  In  order  to  record  the 
extension  of  Ig  during  the  elastic  period,  he  used  a  micrometer 
in  a  peculiar  manner  {687^  as  shown  schematically  in  Fig.  510 
The  micrometer-screw  6  controls,  by  electric  contact  of  6  and 
7,  an  electric  brake  on  a  belt  operating  the  screw  2.  The 
spindle  of  screw  2  is  provided  with  a  gear,  which  drives  the 
wheel  5  carried  by  the  micrometer  6  until  contact  is  made  by 
the  latter.  Hence  screw  2  must  follow  the  extension  of  the 
bar,  and  its  elevation  will  then  act  on  the  contact-lever  of  the 
autographic  recorder  described  in  {^26).  If  the  errors  of  the 
micrometer  apparatus  mentioned  in  {687)  be  reduced,  and  the 
double  task  of  spindle  2  be  avoided  by  separating  its  two 
functions  of  driving  and  its  use  as  a  screw,  it  would  be  possible 
to  obtain  very  good  diagrams. 

732.  If  the  suggestion  made  by  me  (//p;  L  /,  1884,  p. 
102)  in  regard  to  a  micrometer  apparatus,  perhaps  as  described 
in  (688),  Fig.  470,  be  adopted,  very  perfect  diagrams  might  be 
obtained,  provided  the  micrometers  were  driven  by  two 
electrically  controlled  operating  mechanisms,  with,  say,  single 
or  multiple  reduction  by  worm-gearing  in  such  manner  that  it 
tends  to  produce  contact  and  brakes  the  mechanism  at  the 
instant  of  contact.  Both  mechanisms  should  be  coupled 
together,  perhaps,  by  planet-wheels,  so  that  the  pencil  or  the 
paper  moves  proportionately  to  the  sum  of  their  revolutions. 
By  this  arrangement  any  desired  magnification  of  record  may 
be  obtained,  although  only  with  the  addition  of  all  errors  of 
screws  and  the  parts  of  the  apparatus.  It  is  of  course  neces- 
sary to  reduce  the  motion  required  for  making  and  breaking 
contacts  to  a  very  small  amount,  so  that  not  more  than 
o.ocxx>4  in.  (o.ooi  mm)  play  is  requisite.  Hence  the  applica- 
bility of  very  weak  currents,  with  relays  and  microphone  con- 
tacts, etc.,  should  be  examined.     Whether  the  examination 
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will  be  profitable  is  certainly  doubtful ;  I  think  that  the  photo- 
graphic method  is  more  promising  {jos^  716). 

723.  Riehl6  Bros,  also  construct  an  autographic 
recorder  for  records  of  elastic  extensions.  This  Gray  re- 
corder, PI.  19,  Fig.  18,  is  shown  schematically  in  Fig.  511.  The 
operation  of  the  drum  by  means  of  string  and  roller  and  the 
poise-travel  is  limited  ;  all  other  motions  are  transmitted  by 
levers,  fulcra  and  rods.  Extension  is  transmitted  to  the 
pencils  by  means  of  levers  in  the  following  manner:  The 
contact-levers  3  and  4  bear  against  the  rollers  2,  and  are  con- 
nected by  a  rod,  5.  The  lower  lever,  3,  is  supported  by  screw 
6  attached  to  the  machine-frame ;  the  upper,  4,  rests  on  the 
upper  ring,  2,  supported  by  the  rod  7.     This  causes  3  to  bear 

against  the  lower  frame  2,  because  the  lever  system  is  slightly 
overbalanced  in  that  direction.  Hence  like  motions  of  both 
frames  in  the  direction  of  axis  of  test-piece  are  not  recorded ; 
only  relative  motion  between  the  frames  2  is  recorded. 

Elastic  extensions  are  transmitted  to  the  pencil  12  by  levers 
8-1 1  on  a  scale  of  loo/i  to  500/1,  accordingly  as  the  rod  9  is 
connected  at  the  different  points  a-e.  The  recording  paper 
may  thus  be  efficiently  utilized,  because  the  pencil  may  be 
adjusted  to  the  zero-line  for  any  load  by  adjustment  by  means 
of  screw  6,  and  then  recording  the  further  progress  of  the 
diagram. 

The  other  pencil,  14,  serves  to  record  the  diagram  for  the 
whole  test  on  a  smaller  scale  by  means  of  the  lever  13,  the 
ratio  of  which  may  be  altered  by  shifting  its  fulcrum  from  a  to 
^  as  desired.  The  motion  of  the  drum  15  is  changeable  by 
means  of  a  stepped  pulley  having  5  grooves.  It  must  be  said 
that  the  construction  is  clear  and  complete ;  and  although  I 
had  no  opportunity  of  using  it,  it  seems  clear  to  me  from  my 
previous  experience  that  it  might  work  satisfactorily.  The 
parts  are  simple,  and  good  workmanship  should  be  readily 
attainable.  The  support  is  rigid,  and  will  hardly  lead  to 
errors  caused  by  the  deformation  of  supporting  parts,  espe- 
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cially  as  adjusting-screw  6  might  be  readily  connected  to  the 
base-plate  of  the  apparatus,  and  thereby  be  disconnected  from 
the  testing-machine  itself,  without  decreasing  the  accuracy  of 
transmission. 

The  magnification  of  1 :  500,  however,  probably  exceeds  the 
limit  allowable  in  a  mechanical  recorder.  The  friction  of  the 
pencil  on  the  paper  is  increased  in  the  same  ratio,  and  hence 
friction  of  0.00022  lbs.  (=0.1  g)  will  produce  a  difference  of 
pressure  at  the  ends  of  contact-levers  by  loading  and  unload- 
ing of  0.22  lbs.  (  =  100  g).  All  deformations  of  levers  change 
accordingly,  and  the  magnitude  of  the  errors  thereby  produced 
is  questionable.  That  the  constructor  recognized  this  fact  is 
clearly  shown  by  Fig.  18,  PI.  19.  The  friction  may  of  course 
be  determined  by  adjustment  during  absolute  rest,  first  from 
below  and  then  from  above,  by  the  difference  between  the 
positions  of  the  pencil ;  or  it  may  be  eliminated  by  constant, 
perhaps  electric,  vibrations  of  the  drum,  but  the  effect  of  the 
inert  masses  will  remain. 

724.  In  view  of  the  fact  that  it  has  been  frequently 
attempted,  especially  in  the  United  States  and  Great  Britain, 
and  it  is  still  attempted,  to  record  elastic  extensions  during 
tension-tests  onavery  largely  magnified  scale  by 
means  of  autographic  recorders,  thereby  to  determine  the  lim- 
its of  perfect  elasticity,  I  desire  to  again  state  that,  in  my 
opinion,  this  problem  is  very  difficult  to  solve 
satisfactorily  by  mechanical  means,  and  is 
practically  unnecessary. 

The  only  point  within  the  elastic  limit  determinable  by 
autographic  recording  is  the  proportional  (P-)  limit.  This  is, 
however,  very  difficult  if  it  is  to  be  done  accurately,  and  is  only 
possible  with  instruments  as  delicate  as  our  mirror-apparatus. 
With  these,  readings  of  0.0000013  in.  (  =  if^^^nr  n^n^)>  and  less, 
are  easily  obtainable,  and  it  will  then  be  still  found  that  the 
elastic  material  shows  a  gradual  merging  of  the  straight  into 
a  curved  line.     At  present  there  is  no  practical  value  in  enter- 
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ing  this  field ;  to  record  such  dimensions  by  mechanical  means 
is  practically  unattainable ;  it  would  be  better  to  resort  to  op- 
tical means,  if  it  becomes  necessary,  to  cause  the  machine  to 
record  them.  What  should  be  attempted  is  to  adapt  the 
mechanical  autographic  recorder  to  practical  work.  And 
what  is  of  practical  value  is  that  part  of  the  curve  near  the 
yield-  (  Y-)  point,  and  beyond  it  to  the  instant  of  rupture.  The 
transition  from  the  P-limit  to  the  curved  part  of  the  line  will 
probably  be  recorded  always  with  great  uncertainty  (even 
with  optical  means),  and  in  my  opinion  low  ratios  of  multipli- 
cation should  suffice  for  mechanical  records,  which  give  the 
conditions  at  the  yield-point  most  clearly.  It  is  profitable  to 
use  a  very  delicate  instrument  for  this  point  9nly  when  a 
machine  sufficiently  reliable  for  such  tests  is  available,  and 
which  does  not  obscure  the  results  of  load-indication  by  inertia 
of  the  masses.  Great  magnification  of  record  of  this  part  of  the 
curve  is  valuable  only  in  case  where  it  is  desired  to  make  scien- 
tific investigations  with  greatest  accuracy.  Where  the 
diagram  is  to  serve  purposes  of  instruction 
alone,  or,  indeed,  practical  purposes,  the  at- 
tempt should  always  be  made  to  produce  it  with  the 
very  simplest  means  applicable,  and  in  case  of  need  one  should 
be  content  to  obtain  it  merely  as  an  illustration. 

725.  That  which  is  practically  sufficient  seems  to  me  to 
be  embodied  in  the  fundamental  principles  of  the  H  e  n  n  i  n  g 
(New  York)  Pocket  Recorder.  The  apparatus  has  the 
great  advantage  that  it  may  be  carried  about  like  a  steam- 
engine  indicator,  and  used  in  connection  with  all  machines 
having  a  motion  of  any  part  proportional  to  the  stress  trans- 
mitted by  the  test-piece.  The  drum  is  revolved  by  a  string 
connected  to  such  moving  part  (poise-weight,  pendulum,  frame 
of  punch  or  shears,  etc.),  while  deformations  of  test-piece  are 
transmitted  to  the  pen  by  the  apparatus  attached  directly  to 
the  test-piece,  first  with  a  tenfold  magnification  ;  after  passing 
the  yield-point,  and  at  any  desired  instant  thereafter,  the  ap- 
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paratus  automatically  ceases  to  multiply  deformations,  and 
then  records  them  on  natural  scale.  The  apparatus  can  be 
very  readily  attached  to  any  test-piece,  and  remains  thereon 
until  after  rupture.     Its  construction  is  shown  in  Fig.  512. 

Two  openable  hinged  frames,  2  and  3,  are  attached  to  the 
test-piece  i  at  the  gauge-length  by  adjustable  spring-cushioned 
knife-edges,  and  connected  by  rods  4.  These  rods  4  attached 
to  frame  3  are  of  such  length  that  when  inserted  in  tubes  4 
attached  to  the  frame  2  and  made  to  abut,  the  distance  be- 
tween knife-edges  will  be  precisely  =  Ig^  and  hence  the 
gauge-marks  need  not  be  made  on  the  test-piece.  The  lower 
frame,  2,  also  has  two  rods  5,  which  serve  as  guides,  for  the 
actual  recording  mechanism  6-8.  This  is  mounted  on  the 
frame  6,  which  slides  on  the  rods  in  elastic  sleeves  in  such 
manner  that  their  friction  will  cause  6  to  stand  in  any  desired 
position.  On  the  frame  6  a  lever  system,  such  as  is  commonly 
used  in  indicators,  and  parallel  motion  of  levers  7  and  pen  8,  is 
mounted.  The  lever  7  is  connected  to  the  frame  3  by  a  rod  9- 
The  relative  displacements  of  frame  2  and  3,  i.e.,  the  exten- 
sion of  gauge-length  of  test-piece,  are  transmitted  to  the  lever 
7,  as  the  frame  6  retains  its  position  relatively  to  2  because  of 
greater  friction  on  5.  Extensions  of  the  test-piece  are  therefore 
recorded  on  drum  10  on  a  multiplication  of  that  of  the  levers. 
That  the  ratio  must  vary  with  the  angularity  of  the  lever  is 
self-evident  from  the  theory  underlying  the  parallel  motion  ; 
the  error  may,  however,  be  practically  neglected,  unless  ex- 
travagant demands  be  made  of  the  apparatus.  The  drum  10 
is  revolved  by  friction  of  a  stepped  sheave  on  its  edge.  This 
shfeave  may  be  adjusted  to  any  desired  position  by  the  arm  12, 
so  that  the  tension  of  string  13  causes  the  sheave  11  to  bear 
against  the  rim  of  the  drum  in  every  position.  The  adjustable 
hook  14  is  used  for  the  purpose  of  arresting  the  lever  7  in  any 
desired  position.  It  is  adjusted  to  such  a  position  that  the 
pen  records  the  magnified  deformation  a  little  beyond  the  yield- 
point.     As  soon  as  this  point  has  been  passed  the  motion  of 
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lever  7  will  be  arrested,  and  thereafter  extension  will  be  re- 
corded on  a  scale  of  i/i,  because  the  stress  in  rod  9  will  over- 
come the  friction  of  sleeves  5,  and  moves  the  entire  recording 
mechanism  as  a  unit.     This  idea  is  very  ingenious. 

The  very  light  parts  do  not  suffer  injury  at  instant  of 
rupture ;  at  most  there  is  slight  slipping  of  the  knife-edges  on 
the  test-piece,  thus  producing  distinct  marks  on  it,  which 
facilitates  checking  records  of  deformation  materially.  If  the 
testing-machine  permits  great  separation  of  the  two  ends  of 
the  broken  test-piece,  no  harm  comes  to  the  apparatus,  as  it 
will  simply  separate  into  two  parts,  the  rods  4  and  5  sliding 
in  and  drawing  out  of  their  respective  tubes. 

The  delicate  apparatus  can  be  conveniently  carried  about 
in  a  small  box,  and  can  be  readily  attached,  as  it  is  merely 
necessary  to  open  the  frames  and  clamp  them  around  the  test- 
piece.  The  pen  may  be  adjusted  to  o,  if  necessary,  by  mov- 
ing the  bridge  6  on  the  rods  5.  The  apparatus  can  be  used 
for  tension,  crushing,  and  alternate  tension-crushing,  as 
well  as  for  punching,  shearing,  and  other  tests.  How  it  be- 
haves in  practical  work  I  cannot  state  from  personal  experi- 
ence ;  I  believe,  however,  that  it  will  be  efficient. 

726.  Of  the  English  apparatus  I  name  the  autographic 
recorders  of  U n w i n  (Z,  240,  p.  236)  and  of  Kennedy  {547). 
An  apparatus  for  the  Wicksteed  machine  is  shown  on  PI. 
16,  Figs.  3,  5,  8  and  10.  In  it  the  drum  36,  Fig.  10,  is  re- 
volved by  the  test-piece  40  by  means  of  a  string,  proportion- 
ately to  extensions,  while  the  motion  of  the  pencil  is  operated 
by  the  driving  mechanism  of  the  poise-weight.  The  string  in 
passing  from  the  test-piece  tK  the  drum  is  guarded  by  roller- 
links  37,  as  described  in  {^34),  but  the  hinges  of  the  links  do 
not  lie  in  the  circumferences  of  the  rollers, 

737.  Wicksteed  designed  another  recorder  for  his 
machines  {L  240,  p.  134;  236,  p.  27).  Its  principles  are  shown 
by  Fig.  513.  The  string  3  transmits  the  extension  of  test- 
piece    I   to  the  drum  5.     Stress  is   recorded   in  a  circuitous 
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manner,  strange  to  say,  although  the  motion  of  the  poise- 
weight  might  have  been  readily  used  therefor  without  diffi- 
culty. Wicksteed,  instead,  used  the.  pressure  in  the  hy- 
draulic cylinder  in  an  auxiliary  cylinder  7,  the  plunger  of 
which  compresses  a  spring  6,  the  deformation  of  which,  as  a 
measure  of  force,  is  transmitted  to  the  pencil.  In  order  to 
eliminate  the  friction  in  cylinder  7,  its  plunger  is  revolved  by 
the  mechanism  8. 

728.  Unwin  constructed  another  recorder,  which  is, 
however,  not  autographic.  In  it  the  drum  is  revolved  propor- 
tionately to  the  motion  of  the  poise-weight.  The  pencil  is 
moved  by  an  electric  contact  device  in  the  hand  of  the 
operator,  so  that  the  latter  can  cause  it  to  advance  or  recede 
by  a  definite  small  amount  at  any  instant. 

The  observer  stands  at  the  extensometer,  say  a  mirror 
apparatus,  and  signals  as  soon  as  the  cross-hairs  coincide  with 
any  even  reading,  say  YirhinF  ^^  iirJinr  c"^*  Hence  it  is  to  a 
certain  extent  a  record  of  readings.  In  this  method  the  errors 
of  intermediate  apparatus  are  eliminated.  Fig.  514  is  an 
illustration  of  such  a  record  (Z  240,  p.  239). 
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Briggs's  Modem  American  School  BuUdings 8vo,  4  00 

Carpenter's  Heating  and  Ventilating  of  Buildings 8vo,  4  00 

Freitag's  Architectural  Engineering.     2d  Edition,  Rewritten. 8vo,  3  50 

Fireproofing  of  Steel  Buildings 8vo,  2  50 

French  and  Ives's  Stereotomy 8vo,  2  50 

Gerhard's  Guide  to  Sanitary  House-inspection. z6mo,  z  00 

Theatre  Fires  and  Panics. z2mo,  x  50 

Holly's  Carpenters'  and  Joiners'  Handbook. x8mo,  75 

Johnson's  Statics  by  Algebraic  and  Graphic  Methods 8vo,  2  00 
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kidder^  Architect's  and  BoUder'a  Pocket-book.  Rewritten  fiditlon.  i6mo,iiioff.t  5  06 

MarzUl's  Stones  for  Buildixig  and  Dtcoretion 8vo.  5  00 

Non-metallic  Minerals:    Their  Occurrence  and  Uses ^ Svo.  4  00 

llonckton's  Stair-building 4to,  4  00 

Patton's  Practical  Treatise  on  Foundations 8vo,  5  00 

Pisabody's  Nayal  Architectoxe Svo,  7  50 

Bkhey's  Handbook  for  Superintendents  of  Construction,    (/n  jms.) 

Babin's  Industrial  and  Artistic  Tedmology  of  Paints  and  Vaxxiish 8vo.  3  00 

Biebert  and  Biggin's  Modem  Stone-cutting  and  Masour 8ve»  i  50 

Snow's  Principal  Species  of  Wood 8yo«  3  50 

Sondericker's  Graphic  Statics  with  Applications  to  Trusses,  Beams,  and  Arches. 

Svo«   a  00 
Towne's  Locks  and  Builders'  Hardware i8mo,  morocco,   3  00 

fTaif  s  Sngtneering  and  Architectural  Jurisprudence 8to,   6  00 

Sheep*   6  50 
Law  of  Operations  Preliminary  to  Construction  in  Engineering  and  Archi- 
tecture  8vo,   5  00 

Sheep,   5  50 

Law  of  Contracts 8vo,   3  00 

Wood's  Rustless  Coatings:  Corrosion  and  Electrolysis  of  Iron  and  Steal...  Svo,  4  00 

Woodbury's  Fire  Protection  of  Mills 8to»    2  50 

Worcester  and  Atkinson's  Small  Hospitals,  Establishment  and  Maintenance. 
Suggestions  for  Hospital  Architecture,  with  Plans  for  a  Small  HospitaL 

"xamo.    X  25 
Ibe  World's  Columbian  Exposition  of  1893 ^. Large  4t0t    i  00 

ARMY  AND  NAVY. 

Btmadott's  Smokeless  Powder.  Nitro-celhilose,and  the  Theory  of  the  Cellulose 
Molecule xamo, 

*  BntfTs  Text-book  Ordnance  and  Gunnery 8to, 

Chaae's  Screw  Propellers  and  Marine  Propulsion 8to, 

Craig's  Azimuth 4to, 

CMbors  and  Squire's  Polarising  Photo-chronograph 8to, 

Oronkbite's  Gunnery  for  Non-commissioned  Officers a4mo.  morocco* 

*  Davis's  Elements  of  Law Svo. 

*  Trsatise  on  the  Military  Law  of  United  Sutes 8vo, 

Sheep* 

Da  Brack's  Cavalry  Outpost  Dntlea.    (Carr.) a4mo  moroceo* 

Dietz's  Soldier's  First  Aid  Handbook x6mo.  moroceo* 

^  Dredge's  Modem  French  Artillery 4to*  half  morocco* 

Dorand's  Resistance  and  Propulsion  of  Ships Svo. 

^  Dyer's  Handbook  of  Light  Artillery. X2mo, 

Eisster's  Modem  High  Explosives 8vo, 

*  Fiebeger's  Text-book  on  Field  Fortification Small  Syo, 

Hamilton's  The  Gunner's  Catechism x8mo, 

*  Hoff's  Elementary  Naval  Tactics 8vo, 

Ingalls's  Handbook  of  Problems  in  Direct  Fire 8vo* 

*  Ballistic  Tables 8vo, 

*  Lyons's  Treatise  on  Electromagnetic  Phenomena.  Vols.  I.  and  n . .  8vo.  each, 

^  Mahan's  Permanent  Fortifications.    (Mercur.) 8vo,  half  morocco* 

yanwi  for  Courts-martial i6mo«  morocco* 

*  Mercur's  Attack  of  Fortified  Places xamo, 

^         Elements  of  the  Art  of  War 8vo. 

Metcalf 's  Cost  of  Manufactures — And  the  Administration  of  Workshops,  Public 

and  Private 8vo, 

*  Ordnance  and  Gunnery,    a  vols. i2mo, 

Murray's  Infantry  Drill  Regulations • x8mo,  paper* 

Peabody's  Naval  Architecture. Svo 
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7  50 

^  Phelps'iPrmctical  MAxioe  Qamjiag, 8fo»  2  50 

Powell's  Army  OiBcer's  Krnminflr xamo,  4  00 

Sharpe'iAitof  Sttbtistiiic  Armiasin  War xSmo,  morocco,  i  50 

*  Waike't  Lecturvs  on  Explosives Svo,  4  00 

*  Wheeler's  Siege  Opermtioiis  and  Military  Minins 8vo,  2  00 

Wintbrop's  Abridgment  of  Military  Law lamo,  2  50 

Woodhttll's  Notes  on  Military  Hygiene x6mo,  x  50 

Young's  Simple  Elements  of  Navigation x6mo  morocco,  i  00 

Second  Bdition»  Enlarged  and  Revised x6mo,  morocco*  2  00 

ASSAYING. 

Fletcher's  Practical  Instructions  in  Quantitative  Assaying  with  the  Blowpipe. 

xamot  morocGOit  x  50 

Furman's  Manual  of  Practical  Assaying SsOg  3  00 

Lodge's  Notes  on  Assaying  and  Metallurgical  Laboratory  Experiments Svo,  3  00 

Miller's  Manual  of  Assaying xamo*  x  00 

O'DriscoU's  Notes  on  the  Treatment  of  Gold  Ores Svo,  a  00 

RIeketts  and  Miller's  Notes  on  Assaying Svo,  3  00 

Ulke's  Modem  Electrolytic  Copper  Reflning Svo,  3  00 

Wilson's  Cyanide  Processes * xamo,  x  50 

Chlorination  Process laaot  x  so 

ASTRONOMY. 

Comstock's  Field  Astronomy  for  Engineers. Svo,  2  50 

Craig's  Azimuth 4to,  3  50 

^JteoUttle's  Treatise  on  Practical  Astronomy Svo.  4  00 

Gore's  Elements  of  Geodesy Svo,  2  50 

Hayford's  Text-book  of  Geodetic  Astronomy Svo,  3  00 

Meirixnan's  Elements  of  Precise  Surveying  and  Geodesy Svo,  2  50 

*  Michie  and  Harlow's  Practical  Astronomy Svo,  3  00 

^  Whitens  Elements  of  Theoretical  and  Descriptive  Astronomy lamo,  3  00 

BOTANT. 

Davenporf  s  Statistical  Methods,  with  Special  Reference  to  Biological  Variatioa. 

iteio,  morocco,  i  25 

Thom^  and  Bennett's  Structural  and  Physiologieal  Botany. xteio,  2  25 

Weotermaier's  Compendium  of  General  Botany.    (Schneider.) Svo,  2  00 

CHEMISTRT. 

Idriance's  Laboratory  Calculations  and  Specific  Otavity  Tables lamo,  x  25 

^Uen's  Tables  for  Iron  Analysis. .Svo,  3  00 

Arnold's  Compendium  of  Chemistry.    (MandeL) SoiallSvo,  3  so 

Austen's  Notes  for  Chemical  Students lamo,  x  50 

*  Austen  and  Langworthy.     The  Occurrence  of  Aluminium  in  Vegetable 

Products,  Animal  Products,  and  Natural  Waters Svo.  2  00 

Bemadou's  Smokeless  Powder. — Nitro-cellulose,  and  Theory  of  the  Cellulose 

Molecule lamo,  2  ^ 

Bolton'e  Quantitative  Analysis Svo,  x  50 

•Browning's  Introduction  to  the  Rarer  Elements Svot  x  50 

Brush  and  Penfleld's  Manual  of  Determinative  Mineralogy Svo<  4  00 

Ctassen's  Quantitative  Chemical  Analyris  by  Blectrolysia.  (Boltwood.)  .  • .  .Svo*  3  00 

Cohn'slndicatoisaxid  Tesl-papeis zamo*  2  00 

Tests  and  Reagents Svo,  3  00 

Cnff  s  Short  Coorss  in  Qualitative  Chemical  Analysis.  (Schaeilfer.). . . .  xamo,  x  50 

Dolesalsk'to  Theory  of  the  Lead  Accumulator  (Stoiage  Battery).    (Voo 

Bnde) tamo,  2  50 

Drechsel's  Chemical  Reactions.    (MerrilL) zamo,  x  25 

Duhem's  Thermodynamics  and  Chemistry.    (Burgess.) Svo,  4  00 

Eissler's  Modem  High  Explosives. Svo,  4  00 

Bflironfs  Enzymes  and  their  Applications.    (Prescott) Svo,  300 
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Srdmtim's  Introduetioa  to  Cbtmleal  Pnpftimtloni.    (DttnlAp.) xsmo,   x  2$ 

ftetcbar't  Practical  Initnsctioiia  in  QuantitatiY*  Aflgayinc  with  the  Blowpipe 

xamot  morocco,    i  so 

Fowler't  Sewage  Works  AnatyiM xamo,   2  00 

finealua'a  Manual  of  QoaJiUtiTe  Chemical  Analjnia.    (Welle.) 8fo.   5  00 

Manual  of  QuaHtatiYe  Chemical  Analysis.  Part  LDeacriptiTe.(Wel]B.)8vo,  3  00 

System  of  Instruction  in   QuantitatiTe  CliemiGal  AnnlyaiB.     (Oolm.) 

a  Tob. 8vo»  13  50 

Vosrtes's  Water  and  Public  Health zamoi  x  50 

Furman's  Manual  of  Practical  Assaying Svo,  3  00 

Oetmanli  Baeitises  in  Physical  Chemistry. lamo, 

OilTfeOas  and  Fuel  Analysis  for  Sncineers lamo,  i  25 

|}fot«nfelt*sPrlncipiss of  Modem  Dairy  Practice.    (WolL) xamo.  200 

Hammarsten's  Text-book  of  Pliyslological  Chemistry.    (MandeL) 8to,  4  oo 

Hehnls  Principiss  of  Mathematfeal  Chemistry.    (Morgan.) xamo*  i  50 

HsriaglB  Rsady  Raference  TIables  (Convenion  Factors) z6mo,  motocco,  2  50 

Hinds's  Inorganic  Chemistry 8to.  3  00 

*  Laboratory  Manual  for  Students xamo,  7S 

Holismsn's  Text-book  of  Inorganic  Chemistry,    ((hooper.) 8to,  2  50 

Tsxt-book  of  Organic  Chemistry.    (Walker  and  Mott) 8to»  2  50 

^     Laboratory  Manual  of  Organic  Chemistry.    (Walker.) xamo.  x  oo> 

Hopkins's  Oil-chemists*  Handbook 8vo,  3  00 

Jackaon'to  Directions  for  Laboratory  Work  In  Physiological  Chemistry.  .8yo»  x  25 

Keep's  Ctat  Iron 8vo,  2  50 

Ladd^  Manual  of  Quantitative  Chemical  Analysis xamo,  i  00 

Laadauer's  Spectrum  Analysis.    (Tingle.) 8to,  3  00 

Iasssr-Cohn*s  Practical  Urinary  Analysis.    (Lorenz.) xamo,  x  00 

Application  of  Some  (Seneiml  Steactions  to   Investigations  in  Organic 

Chemistry.     (Tingle.) xamo,  x  00 

Leach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

Control. 8vo,  7  50 

LSb's  Blectrolysis  and  Electrosynthesls  of  Organic  Compounds.  (Lorenz.)  x2mo,  x  00 

Lodge's  Notes  on  Assaying  and  Metallurgical  Laboratory  Experiments 8yo,  3  00 

Lunge's  Techno-chemical  Analysis.     (Cohn.) X2mo,  i  00 

Mandel's  Handbook  for  Bio-chemical  Laboratory xamo,  i  50 

•  Martini  Laboratory  Oulde  to  QualitatiTe  Analysis  with  the  Blowpipe . .  xamo»  60 

Mason's  Water-supply.    ((k>nsidered  Principally  from  a  Sanitary  Standpoint) 

3d  Edition,  Rewritten 8vo,   4  oo 

Examination  of  Water.    ((3iemical  and  BacteriologicaL) xamo,    i  25 

Matthews's  The  Textile  Fibres. 8to,   3  50. 

Meysf**  Determination  of  Radicles  in  Carbon  (k>mpounds.    (Tingle.). .  xamo,    i  00 

MUer'B  Manual  of  Assaying x2mo,   x  00 

IDxtH^  Elementary  Text-book  of  Chemistry xamo,    1  50 

Mofgan'sOutHneof  Theory  of  Solution  and  its  Results xamo,    x  00 

Elements  of  Physical  Chemistry xamo,   2  00 

MeCBS^  Calculations  used  in  Cane-sugar  Factories x6mo,  morocco,   x  so 

HoIfilBBn's  (Seneral  Method  for  the  Identification  of  Pure  Organic  Compounds. 

VoL  L Large  8vo,  5  00 

O^rine's  Laboratory  (hiide  in  Chemical  Analysis 8vo,   2  00 

O'DrlscolI's  Notes  on  the  Trestment  of  Gold  Ores 8vo»    2  00 

Ostwald's  Conversations  on  Chemistry.     Part  One.     (Ramsey.)     (In  preM.) 
^  Penfield's  Notes  on  Determinative  Mineralogy  and  Record  of  Mineral  Tests. 

Svo,  paper.       50 

Pictefs  The  Alkaloids  and  their  Chemical  Constitution.    (Biddle.) Svo.  5  00 

Pinner's  Introduction  to  Organic  Chemistry.    (Austen.) xsmo,    x  50 

Poole's  (Udorific  Power  of  Fuels 8vo.    3  00 

Prcscott  and  Winslow's  Elements  of  Water  Bacteriology,  with  Special  Refer- 
ence to  Sanitary  Water  Analysis. .....lamo,  X  25 
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^  Reisig's  Guide  to  Piece-dyeing 8to,  25  00 

Richards  and  Woodman's  Air.Water,  and  Food  from  a  Sanitary  Standpoint.  8to»   2  00 

Rlehards's  Cost  of  Liying  as  Modified  by  Sanitary  Science lamo     i  00 

Cost  of  Food  a  Study  in  Dietaries lamo,    x  00 

^  Richards  and  Williams's  The  Dietary  Computer Sto«    z  50 

Riekstts  and  Russell's  Skeleton  Notes  upon  Inorganic  Chemistry,    f Part  I. — 

Ron-metallic  Slements.) Svo«  morocco*         75 

Rleketts  and  Miller's  Rotes  on  Assaying 8yo,  3  00 

Rideal's  Sewage  and  the  Bacterial  Purification  of  Sewage 8yo.  3  50 

Disinfection  and  the  Preayvation  of  Food. 8to»  4  00 

Rigg8*s  Elementary  Manual  for  the  Chemical  Laboratory 8vo»  i  25 

Rostoski's  Serum  Diagnosis.     (Bolduan.) X2mo,  x  00 

Ruddunan's  Incompatibilities  in  Prescrlptiona. Svo,  2  00 

Sabin's  Industrial  and  Artistic  Technology  of  faints  and  Varnish. 8vo»  3  00 

Salkowski's  Physiologicai  and  Pathological  Chemistry.    (Omdorff.). . .  .8to»  2  so 

Schimpf' s  Text-book  of  Volumetric  Analysis tamo*  2  50 

Essentials  of  Vohmietric  Analysb lamo*  z  23 

fencer's  Hanabook  for  Chemists  of  Beet-sugar  Houses. i6mo*  morocco*  3  00 

Handbook  for  Sugar  Manufacturers  and  their  Chemists . .  z6mo»  morocco*  2  00 

Slockbridge's  Rocks  and  Soils 8to»  2  50 

0 Tillman's  Elementary  Lessons  in  Heat .8to,  i  50 

•        Descriptive  General  Chemistry 8to»  300 

TteadwelTs  QuaHtatlTe  Azuilysis.    (HalL) a 8fo»  3  00 

Quantitative  Axxalysis.    (HalL). 8vo»  4  00 

Tnmeaure  and  Russell's  Pubfic  Water-supplies 8to,  s  00 

Van  Deventer's  Physical  Chemistry  for  Be^nners.    (Boltwood.) zamo*  z  50 

^  Walke's  Lectures  on  Explosives 8vO|  4  00 

Washington's  TWamml  of  the  Chemical  Analysis  of  Rocks 8vOt  a  00 

Wassermann's  Immune  Sera:  Hsemolysins*  Cytotozins,  and  Precipitixis.    (Bol- 
duan.)  zamo»   z  00 

Wells's  Laboratory  Guide  in  Qualitative  Chemical  Analysis. 8vo,  z  50 

Short  Course  in  Inorganic  Qualitative  Chemical  Analysis  for  Engineering 

Students zamo,  z  50 

Whipple's  Microscopy  of  Drinking-water. 8vo,  3  50 

Wiechmann's  Sugar  Analysis Small  8vo.  2  50 

Wilson's  Cyanide  Processes. zamo.  z  50 

Chlorination  Process zamo,  z  50 

Wulling's  Elementary  Course  in  Inorganic  Pharmaceutleal  and  Medisai  Chem- 
istry  zamo»   a  00 

CIVIL  EllGIirEERniO. 
BRIDGES  AHD   ROOFS.      HYDRAULICa      MATERIALS  OF    EHGHrEERIBa 

RAILWAY  SnGmEBROrG. 

Baker's  Engineers*  Surveying  Instruments zamo»  3  00 

Bixby's  Graphical  Computing  Table Paper  Z9iXa4i  inches.        as 

**Burr*s  Ancient  and  Modem  Engineering  and  the  Isthmian  CajuL    (Postaga, 

a7  cents  additional.) 8vo,  nets  3  50 

Comstock's  FieU  Astronomy  for  Engliisers. 8vo,  2  50 

Davis's  Elevation  and  Stadia  Tables 8vo»  z  00 

EUiotlft  Engineerixigfor  Land  Drainage lamo,  z  50 

Practical  Farm  Dzaixxage xaino«  x  00 

Folwell's  Sewerage.    (Designing  and  Maintenance.). Svo,  300 

Freltag's  Architectural  Engineertng.    ad  Edition  Rewritten Svo,  350 

French  and  Ives's  Stersotomy 8vo,  a  50 

Goodhue's  Munfcipal  Improvements zamo,  x  75 

Goodrich's  Economic  Disposal  of  Towns'  Refuse Svot  3  50 

(lore's  Elements  of  Geodesy 8vo«  2  50 

Hayford's  Text-book  of  (Geodetic  Astronomy 8vo,  3  00 

Baring's  Ready  Refecance  TalUsa  (Conversion  Factors). z6mo,  morocco,  2  50 
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How«*tRetiiiiiiicW«]]i  for  Earth lamo,  x  as 

Johnson's  (J.  B.)  Theory  and  Practice  oi  Sunreying. Small  8to,  4  00 

Johnson's  (L.  J.)  Statics  by  Algebraic  and  Graphic  Methods. 8to,  a  00 

Laplace's  Phlloaophical  Essay  on  Probabilities.    (Tniscott  and  Emory.)  xamo,  a  00 

Mahan's  Treatise  on  CiTll  Engineering.    (1873.)    iWood.) Svo*  500 

•  DeacriptiTe  Geometry 8to,  1  50 

]Ieftiman*8  Elements  of  Precise  Sorveymg  and  Geodesy 8to,  a  50 

Elementsof  Sanitary  Engineering 8vo»  a  00 

Keniman  and  Brooks's  Handbook  for  Surreyois x6mo*  moroooo*  a  co 

Vttgentfs  Plane  Smreying 8vo  3  so 

Ogden's  Sewer  Design. lamo,  a  00 

Patton's  Treatise  on  CMl  Engineering 8to  half  leather.  7  50 

Reed's  Topographical  Drawing  and  Sketching 4to,  5  00 

RideaTs  Sewage  and  the  Bacterial  Purification  of  Sewage 8fo,  3  so 

fliebert  and  Biggin's  Modem  Stone-cutting  and  Kasonry Sro*  x  so 

Smith's  Manual  of  Topographical  Drawing.    (McMiUan.) 8vo,  a  so 

Bondericker's  Graphic  Staticst  with  AppHcations   to  Trusses.  Beams,  and 

Arches. .<Sto,  a  00 

Daylor  and  Thompson's  Treatise  on  Concrete»Plam  and  Reinforced,   (/n  pr«ss.) 

*  Trantwine's  Ciyil  Engineer's  Pocket-book x6mo»  morocco*  5  00 

Wait's  Engineering  and  Architectural  Jurisprudence 8tOi  6  00 

Sheep,  6  50 
Law  of  Operations  Preliminary  to  Construction  in  Engineering  and  Archi- 
tecture.   Svo,  5  00 

Sheep,  s  50 

Law  of  Contracts 8to,  3  00 

Warren's  Stereotomy — Problems  in  Stone-cutting Svo.  a  50 

Webb's  Problems  in  the  Ufe  and  Adjustment  of  Engineering  Instruments. 

xomo,  morocco,  x  as 

^  Wheeler's  Elementary  Course  of  Civil  Engineering Sto.  4  00 

Wilson's  Topographic  Surreying SvOi  3  50 

BRIDGES  AND  ROOFS. 

Bolter's  Practical  Treatise  on  the  Construction  of  Iron  Highway  Bridges.  .8?o,  a  00 

o        Thames  River  Bridge 4to,  paper,  5  00 

Bnir's  Course  on  the  Stresses  in  Bridges  and  Roof  Trusses,  Arched  Ribs,  and 

Suspension  Bridges. 8vo,  3  50 

Du  Bois's  Mechanics  of  Engineering.    VoL  IL Small  4to,    xo  00 

Foster's  Trsatise  on  Wooden  Trestle  Bridges 4to,  5  00 

Fowler's  CofiFer-dam  Process  for  Piers 8to,  a  so 

Ordinary  Foundations 8to,  3  50 

Orsene's  Roof  Trusses 8to,  x  as 

Bridge  Trusses .8to,  a  so 

Arches  in  Wood,  Iron,  and  Stone 8to»  a  so 

Howe's  Treatise  on  Arches 8to»  4  00 

Deeign  of  Simple  Roof-trusses  in  Wood  and  Steel Sro,  a  00 

JohnsoS^Bryan.  and  Tumeaure's  Theory  and  Practice  in  the  Designing  of 

Modern  Framed  Structures. Smfll  4t0a  xo  00 

■erriman  and  Jacoby's  Text-book  on  Roofs  and  Bridges: 

Part  L— Stresses  in  Simple  Trusses Bwo,  a  so 

Part  n.— Graphic  Stotics 8vo,  a  50 

Part  I^T  .—Bridge  Design.    4th  Edition,  Rewritten 8vo,  a  so 

Part  IV.— Higher  Structures. 8vo,  a  so 

Morison's  Memphis  Bridge 4t0k  xo  00 

Waddell's  De  Pontibus.  a  Pocket-book  for  Bridge  Engineers.. .  x6mo,  morocoo,  3  00 

Specifications  for  Steel  Bridges lamo,  x  as 

Wood's  Treatise  on  the  Theory  of  the  Construction  of  Bridges  and  Roofs. 8to«  a  00 

Wrighfs  Designing  of  Draw-spans: 

Part  L  —Plate-girder  Draws Svoi  a  50 

Part  n. — Riveted-tniss  and  Pin-connected  Long-span  Draws 8vo,  a  50 

Two  parts  in  one  volume 8?o»  3  SO 
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HYDRAULICS. 
Bazlii*8  Ezperimanti  upon  the  Contraction  of  the  Liquid  Vein  Jseuinc  from  an 

Orilko.    (Trautwine.) 8vo 

Boray*!  TreatiM  on  Hydraulica. 8vo 

Ghnrch't  Mechanica  of  SngineeriAg 8to 

Diagrama  of  Mean  Velocity  of  Water  in  Open  Channek V^ptt 

CoiBn*8  Graphical  Solution  of  Hydraulic  Problema z6mo»  morocco 

Flather't  Dynamometert*  and  the  Measurement  of  Power zamo 

FolweU'i  Water-eapply  Engineering.. 8to 

IHsell'i  Water-power.. 8vo 

fuartes'i  Water  and  Public  Health zamo 

Water-filtration  Worka \ zamo 

Oanguillet  and  Kutter^  Oeneral  Formula  for  the  Uniform  Flow  of  Water  in 

Rivert  and  Other  Channeh.    (Bering  and  Trautwine.) 8to 

Haxen'i  Filtration  of  Public  Water-eupply 8to 

Haxlehnrafa  Towen  and  Tanha  for  Water-worka 8to 

Heiacbera  zzs  Bxperimenti  on  the  Carrying  Capacity  of  Large,  Riveted,  Metal 

Conduita 8yo 

Maaon'i  Water-eupply.    (Considered  Principally  from  a  Sanitary  Stand- 
point)   3d  Edition,  Rewritten 8vo 

Merriman's  Treatise  on  HydrauUca.    gth  Edition,  Rewritten Sto 

•  Michie's  Elements  of  Analytical  Mechanics. . . .' 8to 

Schuyler's  Resenroirs  for  Lrrjgation,  Water-power,  and  Domestic  Water- 
supply Large  8vo 

••  Thomas  and  Watt's  Improvement  of  RIyers.     (Post,  44  c.  additional),  4to 

Tnrneaure  and  Russell's  Public  Water-supplies. 8yo, 

Wegmann's  Desiffn  and  Construction  of  Dame. 4to 

Water-supply  of  the  City  of  New  Tork  from  Z658  to  1895 4to 

Weisbach's  HydrauHes  and  Hydraulic  Motors.    (Du  Bois.) Sto 

Wilson's  Manual  of  Irrigation  Engineering Small  SVb 

Wolff's  Windmill  aa  a  Prime  Mover 8vo 

Wood's  Turbines Svo 

Elements  of  Analytical  Mechanica 8to 

MATERIALS  OF  EirGIHEERING. 

Baker's  Treatise  on  Maaonry  Conatruction Sto 

Roads  and  PaTements. Sto 

Blachfa  United  States  Public  Works Oblong  4to 

Borey's  Strength  of  Materials  and  Theory  of  Structurea. 8to 

Burr's  ElastidtT  and  Resistance  of  the  Materials  of  Engineering.    6th  Edi- 
tion, Rewritten Sto, 

Byrne's  Highway  Construction Sto 

Inspection  of  the  Materiala  and  Workmanship  Employed  in  Construction 

z6mo 

Church's  Mechanica  of  Engineering Sto 

Du  Bois's  Mechanics  of  Engineering.    VoL  I Small  4to 

Johnson's  Materials  of  Construction. Large  Sto 

Fowler's  Ordinary  Foundations 8to 

Keep's  Cast  Iron Sto 

Lanza's  Applied  Mechanics Sto 

Martens's  Handbook  on  Testing  Materials.    (Henning.)    a  Tols. Sto 

Merrill's  Stones  for  Building  and  Decoration 8to 

Merriman's  Text-book  on  the  Mechanics  of  Materials 8to 

Strength  of  Materials lamo 

Metcalf's  Steel.     A  Manual  for  Steel-users lamo 

Patton's  Practical  Treatise  on  Foundations 8vo 

Rlchey's  Handbook  for  Building  Superintendents  of  Construction,     (/n  preta.) 

Rockwell's  Roads  and  PaTements  in  France zamo, 
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Sftbin's  IndiutrUl  and  Artistic  Technology  of  Paints  and  Varnish 8to,  3  00 

Smith's  Materials  of  Machines xamo,  x  00 

Snow's  Principal  Species  of  Wood 8vo,  3  50 

Spalding's  Hydraulic  Cement xamo,  a  00 

Text-book  on  Roads  and  Pavements xamo,  a  00 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced.     (In 

preat.) 

Thurston's  Materials  of  Engineering.     3  Parts. 8yo,  8  00 

Part  1. — Non-metallic  Materials  of  Engineering  and  Metallurgy Svo,  a  00 

Part  II.^-Iron  and  Steel. 8vo,  3  50 

Part  m. — A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo,  a  50 

Thurston's  Text-book  of  the  Materials  of  Construcflion 8yo,  5  00 

Tillson's  Street  Pavements  and  Paving  Materials 8vo,  4  00 

Waddell's  De  Pontibus.     (A  Pocket-book  for  Bridge  Engineers.) . .  i6mo,  mor.,  3  00 

Specifications  for  Steel  Bridges. xamo,  x  as 

Wood's  (De  V.)  Treatise  on  the  Resistance  of  Materials,  and  an  Appendix  on 

the  Preservation  of  Timber. 8vo,  a  00 

Wood's  (De  V.)  Elements  of  Analytical  Mechanics. 8vo,  3  00 

Wood's  (M.  P.)  Rustless  Coatings:    Corrosion  and  Electrolysis  of  Iron  and 

SteeL 8vo,  4  00 

RAILWAY  ENGINEERmG. 

Andrews's  Handbook  for  Street  Railway  Engineers 3x5  inches,  morocco,  x  25 

Berg's  Buildings  and  Structures  of  American  Railroads 4to,  5  00 

Brooks's  Handbook  of  Street  Railroad  Location x6mo,  morocco,  x  50 

Butts's  Civil  Engineer's  Field-book x6mo,  morocco,  a  50 

Crandall's  Transition  Curve x6mo,  morocco,  x  50 

Railway  and  Other  Earthwork  Tables 8vo,  i  50 

Dawson's  ''Engineering"  and  Electric  Traction  Pocket-book.    x6mo,  morocco,  5  00 

Dredge's  History  of  the  Pennsylvania  Railroad :  ( 1879) Paper,  5  on 

*  Drinker's  Tunneling,  Explosive  Compounds,  and  Rock  Drills,  4to,  half  mor.,  as  00 

Fisher's  Table  of  Cubic  Yards Cardboard,  as 

Godwin's  Railroad  Engineers'  Field-book  and  Explorers'  Guide ....  x6mo,  mor.,  a  50 

Howard's  Transition  Curve  Field-book i6mo,  morocco,  x  so 

Hudson's  Tables  for  Calculating  the  Cubic  Contents  of  Excavations  and  Em- 
bankments.   8vo,  X  00 

MoUtor  and  Beard's  Manual  for  Resident  Engineers x6mo,  x  00 

Nagle's  Field  Manual  for  Railroad  Engineers x6mo,  morocco,  3  00 

Philbrick's  Field  Manual  for  Engineers % x6mo,  morocco,  3  00 

Searles's  Field  Engineering. x6mo,  morocco,  3  00 

Railroad  SpiraL x6mo,  morocco,  x  so 

Taylor's  Prismoidal  Formula  and  Earthwork 8vo,  x  50 

*  Trautwine's  Method  ot  Calculating  the  Cubic  Contents  of  Excavations  and 

Embankments  by  the  Aid  of  Diagrams 8vo,  a  00 

The  Field  Practice  of  La3ring  Out  Circular  Curves  for  Railroads. 

xamo,  morocco,  a  50 

Cross-section  Sheet. , Paper,  as 

Webb's  Railroad  Construction,     ad  Edition,  Rewritten. x6ffio,  morocco,  5  00 

Wellington's  Economic  Theory  of  the  Location  of  Railways Small  8vo,  s  00 

DRAWING. 

Barr's  Kinematics  of  Machinery 8vo,  a  50 

*  Bartlett's  Mechanical  Drawing 8vo,  3  00 

*  "       Abridged  Ed 8vo,  x  50 

Coolidge's  Manual  of  Drawing 8vo,  paper,  x  00 

Coolid^e  and  Freeman's  Elements  of  General  Drafting  for  Mechanical  Engi- 
neers  Oblong  4to.  a  so 

Durley's  Kinematics  of  Machines 8vo,  4  00 
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HiU's  Text-book  on  Shades  and  Shadows,  and  Perspective 8vOt 

Tamlson's  Elements  of  Mechanical  Drawing 8yo, 

Jones's  Machine  Design: 

Part  I. — Kinematicsrfof  Machinery 8vo, 

Part  n. — Form,  Strength,  and  Proportions  of  Parts. 8to, 

MacCord's  Elements  of  Descriptive  Geometry 8vo, 

Kinematics;  or.  Practical  Mechanism. 8vo, 

Mechanical  Drawing 4to, 

Velocity  Diagrams. 8vo, 

Mahan's  Descriptive  Geometry  and  Stone-cutting 8vo, 

Industrial  Drawing.    (Thompson.) 8vo, 

Moyer's  Descriptive  Geometry.     Un  press,) 

Reed's  Topographical  Drawing  and  Sketching 4to, 

Reid's  Course  in  Mechanical  Drawing 8vo, 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design.  .8vo, 

Robinson's  Principles  of  Mechanism. 8vo, 

Schwamb  and  Merrill's  Elements  of  Mechanism 8vo, 

Smith's  Manual  of  TopographicalJ)rawing.     (McMillan.) 8vo, 

Warren's  Elements  of  Plane  and  Solid  Free-hand  Geometrical  Drawing. .  zamo. 

Drafting  Instruments  and  Operations. lamo. 

Manual  of  Elementary  Projection  Drawing lamo. 

Manual  of  Elementary  Problems  in  the  Linear  Perspective  of  Form  and 

Shadow lamo, 

Plane  Problems  in  Elementary  Geometry. zamo. 

Primary  Geometry. zamo. 

Elements  of  Descriptive  Geometry,  Shadows,  and  Perspective 8vo, 

General  Problems  of  Shades  and  Shadows 8vo 

Elements  of  Machine  Construction  and  Drawing 8vo« 

Problems,  Theorems,  and  Examples  in  Descriptive  Geometry 8vo, 

Weisbach's  Kinematics  and  the  Power  of  Transmission.     (Hermann  and 

Klein.) 8vo, 

Whelpley's  Practical  Instruction  in  the  Art  of  Letter  Engraving lamo, 

Wilson's  (H.  M.)  Topographic  Surveying 8vo, 

Wilson's  (V.  T.)  Free-hand  Perspective 8vo, 

Wilson's  (V.  T.)  Free-hand  Lettering 8vo, 

Woolf's  Elementary  Course  in  Descriptive  Geometry Large  8vo, 

ELECTRICITY  AND  PHYSICS. 

Anthony  and  Brackett's  Text-book  of  Physics.     (Magie.) Small  8vo, 

Anthony's  Lecture-notes  on  the  Theory  of  Electrical  Measurements. . . .  zamo, 
Benjamin's  History  of  Electricity 8vo, 

Voltaic  Cell 8vo. 

Classen's  Quantitative  Chemical  Analysis  by  Electrolysis.     (Boltwood.).  .8vo, 

Crehore  and  Squier's  Polarizing  Photo-chronograph 8vo, 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book . .  z6mo,  morocco, 
Dolezalek's   Theory   of   the   Lead   Accumulator    (Storage    Battery).     (Von 

Ende.) zamo, 

Duhem's  Thermodynamics  and  Chemistry.     (Burgess.) .8vo, 

Flather's  Dynamometers,  and  the  Measurement  of  Power. zamo, 

Gilbert's  De  Magnete.     (Mottelay.) 8vo, 

Hanchett's  Alternating  Currents  Explained zamo, 

Bering's  Ready  Reference  Tables  (Conversion  Factors) z6mo,  morocco, 

Holman's  Precision  of  Measurements 8vo, 

Telescopic  Mirror-scale  Method,  Adjustments,  and  Tests Large  8vo, 

Landaner's  Spectrum  Analysis.    (Tingle.). 8vo» 

Le  Chatelier's  High-temperature  Measnreznenti.  (Boadonard — Furgcsa  )zamo 
LOb's  Electrolysis  and  BkcUoayutheds  of  Organic  Compoimili.  (Lomii.)  lamo* 
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^  Lyom^iTreatlM  on  ElectromAgnetic  Phenomena.    Volt.  L  and  IL  (tvo,  each,  6  oo 

*  MIchi*.    Elements  of  Wave  Motion  Relating  to  Sound  and  Light. 8to.  4  00 

Hiaodaf  I  Elementary  Treatiee  on  Electric  Batteriea.    (Fishoack. ) ximo,  a  50 

^  Rotenberg'i  Electrical  Engineering.   (HaldaneGee — Kinzbrunner.) 8yo,  i  50 

Ryan,  Sorrit«  and  Hozk'a  Electrical  Hachinery.    VoL  L 8to,  2  50 

Thunton'i  Stationary  Steam-engines 8to,  a  50 

^  Tillman's  Elementary  Lessons  in  Heat 8to.  x  so 

Tory  and  Pitcher's  Manual  of  Laboratory  Physict Small  8vo,  a  00 

mka*^  Modem.  Elsctroljtifi  Copper  Refining Svo,  3  00 

LAW. 

*  DaTis's  Elements  of  Law Sro,  2  50 

*  Treatise  on  the  Military  Law  ot  United  States 8to,  7  00 

e                                                                                                                   Sheep,  7  50 

Manual  for  Courts-martial x6nio,  morocco.  1  50 

Wait's  Engineering  and  Architectural  Jurisprudence 8vo.  6  00 

Sheep,  6  50 

Law  of  Operations  Preliminary  to  Construction'in  Engineering  and  Archi- 
tecture     8vo.  5  00 

Sheep,  5  50 

Law  of  Contracts 8vo,  3  00 

Winthrop's  Abridgment  of  Mifitary  Law lamo,  a  50 

MAHTTFACTURES. 

Bemadou*s  Smokeless  Powder — Nitro-cellulose  and  Theory  of  the  CeOolose 

Molecule xamo,  a  50 

Holland's  Iron  Founder xamo,  a  50 

"  The  Iron  Founder,"  Supplement xamo,  a  50 

Encyclopedia  of  Founding  and  Dictionary  of  Foundry  Terxns  Used  in  the 

Practice  of  Moulding xamo,  3  00 

Bissler's  Modem  High  Explosives 8vo,  4  00 

EflFront's  Enzymes  and  their  Applications.     (Prescott) 8vo  3  00 

Fitzgerald's  Boston  Machinist x8mo,  x  00 

Ford's  Boiler  Making  for  Boiler  Makers x8mo,  i  00 

Hopkins's  Oil-chemists'  Handbook 8to«  3  00 

Keep's  Cast  Iron. Sro,  2  50 

Leach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

ControL     (In  preparation.) 

Matthews's  The  Textile  Fibres 8vo,  3  50 

Metcalf's  Steel.    A  Manual  for  Steel-users xamo,  a  00 

Metcalfe's  Cost  of  Manufactures — And  the  Adzxdnistration   of  Workshops, 

Public  and  Private 8vo,  s  00 

Meyer's  Modem  Locomotive  Construction 4to,  10  00 

Morse's  Calculations  used  in  Cane-sugar  Factories. x6mo,  xnorocco,  i  50 

*  Rei8ig*s  Guide  to  Piece-dyeing 8vo,  25  00 

SaUn's  Industrial  and  Artistic  Technology  of  Paints  and  Varnish 8vo,  3  00 

Smith's  Press-working  of  Metals 8vo,  3  00 

Spalding's  Hydraulic  Cement xamo,  2  00 

Spencer's  Handbook  for  Chemists  of  Beet-sugar  Houses x6mo,  morocco,  3  00 

Handbook  for  Sugar  Manufacturers  and  their  Chemists.. .  x6mo  morocco,  2  00 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced.    (/» 
preM.) 

Thoxston's  Manual  of  Steam-boilers,  their  Designs,  Constmction  and  Opera- 
tion    8vo,  5  00 

*  Walke's  Lectures  on  Explosives 8vo,  4  00 

West's  American  Foundry  Practice xamo,  2  50 

Moulder's  Text-book .xamo,  a  30 
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WoUTi  WfaidmiU  as  •  Prime  Hover 8vo,  3  00 

Woodbury't  Fire  Protection  of  Mills 8vo,  a  50 

Wood's  Rustless  Coatings:  Corrosion  end  Electrolysis  of  Iron  and  Steel. .  .8vo,  4  00 

MATHEMATICS. 

Baker's  Elliptic  Functions 8to«  x  50 

*  Bass's  Elements  of  Differential  Calralos lamo,  4  00 

Briggs's  Elements  of  Plane  Analytic  Geometry xamo,  i  00 

Compton's  Mantiai  of  Logarithmic  Computations zamo,  x  50 

Davis's  Introduction  to  the  Logic  of  Algehrm 8vo,  x  50 

*  Dickson's  College  Algebra Large  lamo,  x  50 

*  Answers  to  Dickson's  College  Algebra 8vo»  paper.  25 

*  Introduction  to  the  Theory  of  Algebraic  Equations Large  zamo,  i  2:^ 

Halsted's  Etoments  of  Geometry 8to.  x  75 

Elementary  Synthetic  Geometry 8vo,  i  50 

Ra^nal  Geometry. lamo, 

*  Johnson's  (J.  B.)  Three-place  Logarithxnic  Tables:  Vest-pocket  size,  .paper,  xs 

zoo  copies  for  5  00 

*  Mounted  on  heavy  cardboard,  8  X  zo  inches,  25 

zo  copies  for  2  00 

Johnson's  (W.  W.)  Elementary  Treatise  on  Differential  Calculus. .  .Small  8vo,  3  00 

Johnson's  (W.  W.)  Elementary  Treatise  on  the  Integral  Calculus.  .Small  8vo.  x  50 

Johnson's  (W.  W.)  Curve  Tracing  in  Cartesian  Co-ordinates i2mo.  x  00 

Johnson's  (W.  W.)  Treatise  on  Ordinary  and  Partial  Differential  Equations. 

Small  8vo,  3  50 

Johnson's  (W.  W.)  Theory  of  Errors  and  the  Method  of  Least  Squares. .  lamo,  i  50 

*  Johnson's  (W.  W.)  Theoretical  Mechanics xamo,  3  00 

Laplace's  Philosophical  Essay  on  Probabilities.    (Truscott  and  Emory.)  zamo,  2  00 

*  Ludlow  and  Bass.    Elements  of  Trigonometry  and  Logarithxziic  and  Other 

Tables 8vo,  3  00 

Trigonometry  and  Tables  published  separately Each,  2  00 

*  Ludlow's  Logarithxnic  and  Trigonometric  Tables 8vo,  i  00 

Maurer's  Technical  Mediaixics 8vo,  4  00 

Merriman  and  Woodward's  Higher  Mathexnatics 8vo,  5  00 

Merriznan's  Method  of  Least  Squares 8vo,  2  00 

Rice  and  Johnson's  Elementary  Treatise  on  the  Differential  Calculus .  Sm..  8vo,  3  00 

Differential  and  Integral  Calculus,    a  vols,  in  one Ssnall  8vo,  2  50 

Wood's  Elements  of  Co-ordinate  Geometry 8vo,  2  00 

Trigonometry:  Analytical,  Plane,  and  Spherical zamo,  x  00 

MECHANICAL   ElfGIITEERIllG. 

MATERIALS  OF  ENGnTESRING,  STEAM-EHGIHES  AITD  BOILERS. 

Bacon's  Forge  Practice zamo,  i  50 

Baldwin's  Steam  Heatlzig  for  Buildings zamo,  a.  50 

Barr's  Kinematics  of  Machinery 8vo,  2  50 

*  Bartletf  s  Mechsnical  Drawing 8vo,  3  00 

*  "                ••              «        AbridgedEd 8vo,  i  50 

Benjamin's  Wrinkles  and  Recipes zamo,  2  00 

Carpenter's  Experimental  En^neering 8vo,  6  00 

Heatinc  and  Ventilatixig  Buildings 8vo,  4  00 

Gary's  Smoke  Suppression  in  Plants  using  Bitumixious  CoaL     {In  prep- 
arotton*) 

Clerk's  Gas  axul  Oil  Engizie Small  8vo,  4  00 

Coolidge's  Manual  of  Drawing 8vo,    paper,  z  00 

Coolidge'and  Freeziun's  Elexnents  of  General  Draftixig  for  Mechanical  En- 
gineers.   Oblong  4to,  a  50 
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OromwelTft  Tnatiie  oo  Toothed  Oetrine laae 

Treadat  on  Belts  and  Polleyt. tamo* 

Owley't  Klnematkt  of  Marhinea 8vo, 

Tlatbar*!  Djnamometan  and  the  Maaauramant  of  Power lamo. 

Rope  Drtring xamo* 

OilTi  Oat  and  Fitel  Analyiia  for  Bnfineera zamo, 

Hall'i  Car  Lubrleatlon zamo, 

Herinc's  Ready  Reference  Tablea  (Conversion  Factors) z6mo,  morocco, 

Hunon's  The  Gas  Bncine Sro. 

Jamison's  Mechanical  Drawing 8to, 

Jones's  Machine  Design: 

Part  L — Kinematics  of  Machinery 8to« 

Part  n. — Form,  Strength,  and  Proportions  of  Parts 8vo» 

Kent's  Mechanical  Engineer's  Pocket-book z6mit>,  morocco. 

Ken's  Power  and  Power  Transmission 8vo, 

Leonard's  Machiite  Shops,  Tools,  and  Methods.    (In  pnu.) 

MacCord's  Kinematics;  or.  Practical  Mechanism. 8tdv 

Mechanical  Drawing 4to, 

Velocity  Diagrams ' 8to, 

Mahan's  Industrial  Drawing.    (Thompson.) Sro, 

Poole's  Cak>riflc  Power  of  Fuels 8vo, 

Raid**  Course  in  Mechanical  Drawing Sro. 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design.  .9ro, 

RIchards's  Compreesed  Air zamo. 

Robinson's  Principles  of  Mechanism 9vo, 

Schwamb  and  Merrill's  Elements  of  Mechanfsm 8vo, 

Smith's  Press-working  of  Metale 8to, 

Thnrston's  Treatise  on  Friction  and   Lost  Work  in  Machinery  and  Mill 
Work 8vo, 

Animal  as  a  Machine  and  Prime  Motor,  and  the  Laws  of  Bnergetica.  zamo, 

Warren's  Elements  of  Machine  (^nstructior  and  Drawing 8ro, 

Weisbach's  Kinematics  and  the  Power  of  Trapsmission.     Herrmaxm-' 

Kleifu). 8to, 

Machinery  of  Transmission  and  (jOTemors.    (Herrmann — Klein.).  .8to. 

Hydraulics  and  Hydraulic  Motors.    (Du  Bois.) 8to. 

WoUTs  Windmill  as  a  Prime  Mover. 8ro, 

Wood's  Turbines , . , .  .8to. 

MATERIALS  OF  EHGINEERINO. 

Bovey's  Strength  of  Materials  and  Theory  of  Structures Svo.    7  so 

Burr's  Elasticity  and  Reaistance  of  the  Materials  of  Engineering.    6th  Edition 

Reset. 8yo. 

Church's  Mechanics  of  Engineering 8to, 

Johnson's  Materials  of  Construction Large  8to. 

Keep's  Cast  Iron 8vo, 

Lanza's  Applied  Mechanica 8to, 

Martens's  Handbook  on  Teating  Materials.    (Henning.) 8vo, 

Mecriman's  Text-book  on  the  Mechanics  of  Materials 8vo. 

Strength  of  Materials  zamo, 

MetcalTs  SteeL    A  Manual  for  Steel-users zamo 

Sabin's  Industrial  and  Artistic  Technology  of  Pamts  and  Vamiah. 8vo, 

Smith's  Materials  of  Machines lamo. 

Thurston's  Materials  of  Engineering 3  vols  .  Svo. 

Part  n. — Iron  and  Steel 8to. 

Part  m. — A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 
Constituents. 8vo 

Tazt-book  of  the  Materials  of  Construction Sro* 
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Wood's  (De  V.)  Treatise  on  the  Resistsnce  of  ICaterUls  and  an  Appendix  on 

the  Preseryation  of  Timber 8vo,    2  00 

Wood's  (De  V.)  Elements  of  Analytical  Mechanics 8vo,   3  00 

Wood's  (M«  P.)  Rustless  Coatings:  Corrosion  and  Electrolysis  of  Iron  and  SteeL 

8vo,   4  00 


STEAM-'&NOIIIBS  AHD  BOILERS. 

Camof  •  Reflecttoos  on  the  MotiTs  Poirsr  of  Hett    (Thurston.) laso,  i  50 

Dawson's  "Engineering^  and  Electric  Traction  Pocket-book.. i6mo,  mcr..  5  00 

Ford's  Boiler  MakiQg  for  Boikr  Xakm i8mo,  i  00 

Oosi's  Locomotive  Sptxki Svo.  2  00 

Beobenway's  Indicator  Practiea  and  Staam-angina  Economy zamo.  2  00 

Button's  Mech«iucal  EngbiMriiig  of  Powar  Plania 8yo.  5  00 

Beat  and  Haat-anginaa 8to.  5  co 

Xaiit*!  8taam-bo<lar  Economy 8to,  4  00 

Knaam's  Pnictioe  and  Theory  of  the  lajector Sto,  x  50 

MacCord's  Slide-Tahrea 8to,  2  00 

Meyer's  Modem  Locomotive  Constmction 4to.  x o  00 

Peabody't  Manual  of  the  Steam-engine  Indicator lamo.  x  so 

Tables  of  the  Propertiee  of  Saturated  Steam  and  Other  Vapon 8yo.  i  00 

Thermodynamica  of  the  Stsam-engine  and  Other  Beat-enginee 8to,  5  00 

▼alye-geare  for  Steam-enginee 8vo,  2  50 

Peabody  and  Miller's  Steam-boilerB Svo,  4  00 

Pray'e  Twenty  Yean  with  the  Indicator Large  tvo.  2  50 

Pupln's  Thermodynamics  of  Reversible  Cycles  in  Gaaes  and  Saturated  Vapon. 

(Osterberg.) lamo,  x  25 

Reagan's  Locomotivea:  Slmpk* Compound, and  Electric zamo.  2  50 

Rontgen's  Prindplee  of  Thermodynamics.    (Du  Bois.) Svo,  500 

Sinclair's  Locomotive  Engine  Running  and  Management zamo,  a  00 

Smart's  Bandbook  of  Engineering  Labontoiry  Pnictice zamo,  2  50 

Snow's  Steam-boiler  Practice Svo,  3  00 

Spangler's  Valve-gean 8vo,  a  50 

Rotea  on  Thermodynamica zamo,  x  00 

Spangler,  Greene,  and  Marshall's  Elements  of  Steam-engineering Svo,  3  00 

Thurston's  Bandy  Tablee Svo.  i  50 

Manual  of  the  Steam-engine a  vols.  Svo,  xo  00 

Part  I. — ^Bistory.  Structuce,  axid  Theory Svo,  6  00 

Part  n. — Deeign,  Construction,  axid  Operation Svo,  6  00 

Handbook  of  Engine  and  Boiler  Trials,  and  the  Use  of  the  Indicator  and 

the  Prony  Brake Svo.  5  00 

Stationary  Steam-engines Svo,  2  50 

Steam-boiler  Explosions  in  Theory  axid  in  Practice zamo.  x  50 

ManualofSteam-boilerp.  Their  Designs,  Construction,  and  Operation.  Svo.  s  00 

Webbach's  Heat,  Steam,  and  Steam-enginea.    (Du  Bois.) Svo,  5  00 

Whitham's  Steam-engine  Dasign Svo.  5  00 

Wilson's  Treatise  on  Stsam-boilers.    (Flather.) x6mo,  2  50 

Wood's  Thermodynamics  Beat  Motors,  and  Refrigerating  Machinee Svo,  4  00 


MECHAHICS   AlTD  MACHINERT. 

Barr's  Kinematics  of  Machinery Svo,  2  50 

Bovey's  Strength  of  Materials  and  Theory  of  Structures Svo,  7  50 

Chase's  The  Art  of  Pattern-making zamo.  2  50 

ChordaL — Extracts  from  Letten zamo.  2  00 

Church's  Mechanics  of  Engineering Svo,  6  00 
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Church's  HotM  and  R«inplw  in  M»ctaajiict 8vp,  a  oo 

Compton's  First  Lessoos  in  MeUl-worUac lamo,  i  50 

Comptoii  and  De  Oroodf  s  The  Speed  Laths zsmo.  i  50 

Cromwell's  Treatise  on  Toothed  Gearing zsmo.  x  50 

Treatise  on  Belts  and  Pulleys lamo,  i  50 

Dana's  Tezt-hook  of  Elementary  Mechanics  for  the  Use  of  CoUeges  and 

Schools xamo*  z  50 

Dingey's  Machinery  Pattern  Making lamo,  a  00 

Dredge's  Record  of  the  TransporUtion  Exhibits  Bollding  of  the  World's 

Columbian  Exposition  of  iSga 4to  half  morocco,  5  00 

Dtt  Boia's  Elementary  Principles  of  Mechanics: 

VoL     L — Kinematics 8to-  3  50 

Vol.   n.— Statics 8to,  4  00 

Vol.  m.— Kinetics 8vo,  3  50 

Mechanics  of  Engineering.     Vol    L Small  4to,  7  so 

Vein. Small  4to,  10  00 

Dnrley's  Kinematics  of  Machines  8vo,  4  00 

Fitzgerald's  Boston  Machinist z6mo,  x  00 

Flather*s  Dynamometers,  and  the  Measurement  of  Power zamo,  3  00 

Rope  Driving zamo,  a  00 

Ooss's  Locomotive  Sparks 8vo,  a  00 

Hall's  Car  Lubrication zamo.  x  00 

Holly's  Art  of  Saw  Filing z8mo,  75 

*  Johnson's  (W.  W.)  Theoretical  Mechanics. xamo,  3  00 

Johnson's  (L.  J.)  Statics  by  Graphic  and  Algebraic  Methods. 8vo,  a  00 

Jones's  Machine  Design: 

Part  L — Kinematics  of  Machinery 8vo.  x  50 

Part  n. — Form,  Strength,  axid  Proportions  of  Parts 8vo,  3  00 

Kerr's  Power  and  Power  Transmission 8to,  a  00 

Lanza's  Applied  Mechanics 8vo.  7  50 

Leonard  s  Msrhine  Shops,  Took,  and  Methods.    (/•  i»«ss.) 

MacCord's  Kinematics;  or.  Practical  Mechanism 8vo,  5  00 

Velocity  Diagrams 8vo.  i  so 

Maurer's  Technical  Mechanics. 8vo,  4  00 

Metriman's  Text-book  on  the  Mechanics  of  Materials 8vo,  4  00 

*  Michts't  Elements  of  Analytical  Merhanirs 8vo,  4  00 

Reagan's  Locomotives:  Simple*  Compound,  and  Electric tamo,  a  so 

Raid's  Course  in  Mechanical  Drawing 8vo,  a  00 

Text«book  of  Mechanical  Drawing  and  Elementary  Machine  Design.  .8vo,  3  00 

Rlchards's  Compressed  Air ..zamo*  i  50 

Robinson's  Principles  of  Mechanism 8vo»  3  00 

Ryan,  Horris,  and  Hoxis's  Electrical  Machinery.    VoL  1 8vo,  a  50 

Schwamb  and  Merrill's  Elements  of  Mechanism. 8vo,  3  00 

Sinclair's  Locomotive-Engine  Ruxming  and  Management zamo,  a  00 

Smith's  Press-working  of  Mstals 8vo,  3  00 

Materials  of  Machlnea zamo,  x  00 

Spaxigler,  Greene,  and  Marshall's  Elements  of  Steam-enginaaziiig 8vo»  3  00 

Thurston's  Treatise  on  Friction  and  Lost  Work  In  Machinaiy  and  Mill 

Work 8vo«  3  00 

Animalas  a  Machine  and  Prime  Motor,  and  the  Laws  of  Enaigetics .  zamo,  z  00 

Warren's  Elements  of  Machine  Construction  and  Drawing 8vo,  7  50 

Weiabach's    Kinematifa   and   the  Power  of   Transmission.    (Hecnnann — 

Klein.) .8vo,  5  00 

Machinery  of  Transmission  and  Governors.    (Hezrznann— Klaln.).8vo,  5  00 

Wood's  Elements  of  Analytical  Mechanics. 8vo,  3  00 

Principles  of  Elementary  Mechanics zamo,  i  a^ 

Turbines 8vo,  a  50 

The  World's  Colombian  Exposition  of  Z893 i .4to,  z  00 
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MBTAIXURGT. 
figleiton't  ICetAHnrgy  of  SUTer»  Gold,  and  Mcrcarj: 

Vol.  L— Silvtr 8vo,  7  50 

VoL  n.— Gold  and  MerciUT 8to,  7  50 

••  Dm's  Lead-«meltiDC.    (Pottace  g  centa  addiriOTia1>) lamo.  2  50 

K«ep's  Can  Iron Sto,  2  50 

KuAliardt'B  Practice  of  Ore  Dreasing  in  Europe 8vo.  x  50 

Le  Chateiier's  High-temperatore  Measurementa.  (Boudouard — ^BurgtBS.) .  lamo,  3  00 

BftetcalTs  SteeL    A  Manual  for  Stoe^nsen ismo,  2  00 

Sniitb*B  Materiala  of  Machines zamo>  i  00 

rhunton's  Materials  of  Engineerinf.    In  Three  Parts 8to»  8  00 

Part  n. — Iron  and  Steel 8vo,  3  50 

Part  nL — A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo,  a  50 

Olke's  Modem  Electrolytic  Copper  Refining 8vo,  3  00 

HINERALOOT. 

Barrlnger's  Description  of  Minerals  of  Commercial  Value.    Oblong,  morocco,  2  50 

Boyd's  Resources  of  Southwest  Virginia 8to.  3  00 

Map  of  Southwest  Virginia. Pocket-book  form,  2  00 

Brash's  Manual  of  Determinative  Mineralogy.    (Penfield.) 8to,  4  00 

Chester's  Catalogue  of  Minerals 8to,  paper,  i  00 

Cloth,  X  25 

DicHonary  of  the  Names  of  Minanls 8to,  3  50 

Dana's  System  of  Mineralogy. Large  8to,  half  leather,  12  50 

First  Appendix  to  Danals  New  ''System  of  Mineralogy.". . .  .Large  8to,  x  00 

Text-book  of  Mineralogy 8vo,  4  00 

Minerals  and  How  to  Study  Them. ismo,  i  50 

Catalogue  of  Amcriwin  Localities  of  Miaersls Large  8to,  x  00 

Maxraal  of  Mineralogy  and  Petrography X2mo,  2  00 

Douglas's  Untechnical  Addresses  on  Technical  Subjects x2mo,  x  00 

Bakto'sMiaafal  Tables. 8to,  i  25 

Bgleston's  Catalogue  of  Mineiali  and  Synonyms Sro,  2  50 

Hussak's  The  Determination  of  Rock-forming  Minerals.    (Smith.)  Small  8vo.  2  oo 

MeiTlIl'sNoiHmataOic  Mlnaimls:  Their  Occorrtnce  and  Uses. 8vo,  4  00 

*  Fsnfleld's  Notes  on  DeterminatiYe  Mineralogy  and  Record  of  Mineral  Tests. 

8vo»  paper,  o  50 

Rosenbusch's  Microscopical  Physiography  of  the  Rock-making  Minerals. 

(Iddings.) 8to,  5  00 

*  Tillman's  Text-book  of  Important  Minerals  and  Docks 8to,  2  00 

Williams's  Manual  of  Lithology. 8vo,  3  00 

MiUlNG. 

Beard's  Ventilation  of  Mines zamo,  2  50 

Boyd's  Resources  of  Southwest  Virginia 8to,  3  00 

Map  of  Southwest  Vlrgixiia Pocket-book  form,  2  00 

Douglas's  Untechnical  Addresses  on  Technical  Subjects x2mo,  i  00 

*  Drinker's  Tunneling,  Explosive  Compouxids,  and  Rock  Drills. 

4to,  half  morocco,  25  00 

Eissler's  Modem  High  Explosives 8vo,  4  00 

Fowler's  Sewage  Works  Analyses zamo,  2  00 

Goodyear's  Coal-mines  of  the  Western  Coast  of  the  United  States z2mo,  2  50 

Ihlseng's  Manual  of  Mining Svo,  4  00 

**  Ues's  Lead-smelting.    (Postage  gc.  additionaL) zamo,  2  50 

Kunhardt's  Practice  of  Ore  Dressing  in  Europe Svo,  i  50 

O'DrlscoU's  Rotes  on  the  Treatment  of  Gold  Ores Svo,  2  00 

*  Walke's  Lectures  on  Explosives Svo.  4  00 

Wilson's  Cyanide  Proceeses zamo,  i  50 

Chtorination  Process zamo,  i  50 
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WUson'g  Hydraulic  and  Placer  Mining: lamo,    3  (K> 

Treatise  on  Practical  and  Theoretical  Mioe  Ventilation Z2mo,    i  25 

SANITARY  SCIEIVCE. 

Fohrell'f  Sewerace.     (Designing,  Construction,  and  Maintenance.) 8vo,    3  00 

Water-supply  Engineering 8to,    4  00 

Fuertes's  Water  and  Public  Health. xamo,    i  50 

Water-filtration  Work* xamo,    a  50 

Gerhard's  Guide  to  Sanitary  House-inspection x6mo,    1  00 

Goodrich's  Economical  Disposal  of  Town's  Refuse Demy  Svo,    3  50 

Hazen's  Filtration  of  Public  Water-supplies 8vo,    3  00 

Leach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

ControL 8vo,    7  50 

Mason's  Water-supply.     (Considered    Principally    from    a    Sanitary    Stand- 
point.)    3d  Edition,  Rewritten •  .  .8vo, 

Examination  of  Water.     (Chemical  and  Bacteriological.) lamo, 

Merriman's  Elements  of  Sanitary  Engineering 8vo, 

Ogden's  Sewer  Design lamo, 

Prescott  and  Winslow's  Elements  of  Water  Bacteriology,  with  Special  Reference 

to  Sanitary  Water  Analysis. xamo, 

■*  Price's  Handbook  on  Sanitation xamo, 

Richards's  Cost  of  Food.     A  Study  in  Dietaries xamo. 

Cost  of  Living  as  Modified  by  Sanitary  Science xamo, 

Richards  and  Woodman's  Air,  Water,  and  Food   from  a  Sanitary  Stand- 
point   ' 8vo, 

*  Richards  and  Williams's  The  Dietary  Computer Syo, 

Rideal's  Sewage  and  Bacterial  Purification  of  Sewage 8vo, 

Tumeaure  and  Russell's  Public  Water-supplies 8vo, 

Von  Behring's  Suppression  of  Tuberculosis.     (Bolduan.) xamo, 

Whipple's  Microscopy  of  Drinking-water 8vo, 

Woodhull's  Notes  and  Military  Hygiene x6mo, 

MISCELLANEOUS. 

Enuaons's  Geological  Guide-book  of  the  Rocky  Mountain  Excursion  of  the 

International  Congress  of  Geologists Large  8yo,  i  50 

Ferrel's  Popular  Treatise  on  the  Winds 8vo,  4  00 

Haines's  American  Railway  Management. xamo  a  50 

Mott's  Composition,  Digestibility,  and  Nutritive  Value  of  Food.  Mounted  chart  x  as 

Fallacy  of  the  Present  Theory  of  Sound x6mo,  x  00 

Ricketts's  History  of  Rensselaer  Polytechnic  Institute,  1824-1894.  Small  8vo,  3  00 

Rostoski's  Serum  Diagnosis.     (Bolduan.) xamo,  x  00 

Rotherham's  Emphasized  New  Testament Large  8vo,  a  00 

Steel's  Treatise  on  the  Diseases  of  the  Dog 8vo,  3  50 

Totten's  Important  (hiestion  in  Metrology 8vo,  a  50 

The  World's  Columbian  Exposition  of  1893 4to,  x  00 

Von  Behring's  Suppression  of  Tuberculosis.     (Bolduan.) xamo,  x  00 

Worcester  and  Atkinson.     Small  Hospitals,  Establishment  and  Maintenance.. 
and  Suggestions  for  Hospital  Architecture,  with  Plans  for  a  Small 

HospitaL lamo,  x  as 

HEBREW  AND  CHALDEE  TEXT-BOOKS. 

Green's  Grammar  of  the  Hebrew  Language 8vo,  3  00 

Elemental^  Hebrew  Graxxmiar xamo.  x  as 

Hebrew  Chrestomathy 8vo,  a  00 

Gesenius's  Hebrew  and  Chaldee  Lexicon  to  the  Old  Testament  Scriptures. 

rTregelles.) Small  4to,  half  morocco,  5  00 

Letteri^  Hebrew  Bible 8vo,  2  35 
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